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TITLE : Effect of Solitary Waves on Low-frequency Acoustic Propagation 
in Shallow Water 
INVESTIGATORS: J. X. Zhou, P. H. Rogers and X. Z. Zhang 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-D405 
( 404) 894--6793 or ( 404) 894-3235 
OBJECTIVE : To investigate the interaction between internal wave solitons 
and low-frequency acoustic waves in the coastal zone as a possible explanation to 
the anomalous, anisotropic and time-varying frequency response of shallow-water 
sound propagation which is often observed in the Summer. 
BACKGROUND : 1. Internal solitary waves have been frequently observed 
in many coastal areas such as the Massachusetts Bay, the New York Bight and the 
Gulf of California, using shipboard echo-sounding, thermistor chains, XBT profiling 
and SAR images from satellite. They are different from open sea internal waves 
which are best described as a stochastic phenomenon with a 8wide band frequency-
wave number spectrum. They typically have deterministic packets with well-defined 
wavelength, are highly correlated with local tides, and propagate shoreward with 
strong surface expression. Solitons obey the Korteweg-de Vries(KdV) equation 
and have sech2 shape. Little attention, however, in the acoustic community has 
been focused on their effect on sound propagation with the exception of the work of 
Baxter and Orr which was based on ray theory and calculated the influence of an 
oceanic internal wave packet on short-range (high-frequency) sound propagation. 
We were interested in determining what influence of such internal wave packets 
have on low-frequency sound propagation. 2. Experiments, conducted by Zhou 
and his group over a four year period in August at the same area( with fiat seabed), 
have shown that the frequency response of shallow water sound propagation in 
the Summer is a strong function of time and propagation direction, and sometime 
exhibits an abnormally large attenuation over some frequency range. These results 
can not be explained by using a conventional model of sound propagation(with 
bottom acoustic parameters and an average sound-speed profile of water column). 
For example, the curves in Fig.l show averaged explosive signal power spectra as 
a function of frequency at 0.5km and 28 km from the source( water depth is about 
37m). The difference between two curves is a measure of the sound transmission 
loss, i.e, the frequency response of sound propagation. Between 300 Hz and 1200 
Hz, especially around 600Hz, an abnormally large attenuation was found. Along 
the same track and for similar average sound-speed profile in August, the frequency 
response including the abnormal attenuation frequency range are very different for 
different years. Fig.2 shows that the frequency response is a strong function of the 
propagation direction. Keeping the transmission distance constant (R=28km), the 
frequency response for seven different transmission direction( tracks) are so different 
that for some frequencies the sound intensity varied as much as more 25 dB!(But 
sometimes, almost identical frequency responses were obtained for different tracks.) 
Why does this strange phenomena happen only in the Summer when there is a 
strong thermocline? We hypothesize these results are caused by the influence of 
internal wave packets. 
\ 
APPROACH : Review the characteristics of internal solitary waves in the 
coastal zone, and numerically calculate the effect of the internal wave packets with 
different parameters on long-range sound propagation using Parabolic Equation 
(PE) method (with IFD code). 
RESULTS : For simplicity we follow Lee's model and assume the internal wave 
packets on the thermocline is expressed by a gated sine function as shown in Fig.3. 
We call ..Xi the soliton wavelength, and Lv the packet length. We assume first there is 
only one internal wave packet, consisting of six solitons located at 15 km. Numerical 
results show that the transmission loss is very sensitive to the signal frequency and 
the internal wave packets parameters: 1. For a given frequency and packet length, 
the transmission loss has a 'resonance-like' attenuation at some soliton wavelength 
(Fig.4). 2. For a given frequency and soliton wavelength, the transmission loss is 
a 'resonance-like' function of the packet length(Fig.5). 3. The frequency response 
of sound propagation and the abnormal attenuation frequency range are a sensitive 
function of the parameters of the solitons and wave packets. H three packets are put 
along the propagation track, each packet consisting of 6 solitons with a wavelength of 
235m, we obtain the frequency response as indicated by the circles in Fig.l which fit 
the experimental data quit well. Due to the characteristics of internal solitons in the 
coastal zone(packets with well-defined wavelength, high tide correlation , shoreward-
moving etc.), the projection of the solitons in the sound propagation direction at 
different times will be different. This explains, possibly, why the experimental 
frequency response is a strong function of the propagation direction and time, and 
why the abnormal attenuation frequency itself varies in time during the Summer. 
As an inverse problem, low-frequency acoustic measurements could be a potential 
tool for remote-sensing of internal wave packet activity in the coastal zone. 
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TITLE : Resonant Interaction of Sound Wave with Internal Solitons 
in the Coastal Zone 
INVESTIGATORS: J. X. Zhou and P. H. Rogers 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-Q405 
OBJECTIVE : To investigate the interaction between internal wave solitons 
and low- frequency acoustic waves in the coastal zone. 
BACKGROUND : Last year's research has shown that internal wave pack-
ets have a strong influence on low-frequency long-range sound propagation in the 
coastal zone, and the interaction between sound waves and internal solitons could 
offer an explanation for the measured frequency response of sound propagation 
in the Summer which is often a strong function of time and propagation direc-
tion, and sometimes exhibits an abnormally large attenuation over some frequency 
range. Specifics of the mechanism of interaction on frequency resonance, soliton 
wavelength resonance and packet length resonance still require explanation. 
APPROACH : For a given model of oceanic internal solitons, we use normal-
mode and PE computer programs to calculate the influence of internal solitons on 
shallow-water sound propagation. The acoustic field obtained from the PE code is 
decomposed into normal modes (a numerical spatial filtering technique), to analyze 
the characteristics of acoustic mode-coupling induced by the internal wave packets. 
RESULTS : 1. The numerical calculations have shown that the acoustic mode-
coupling, caused by internal wave packets, are an important loss mechanism for 
shallow water sound transmission in the Summer. Due to the interaction of sound 
with the internal wave packets, in some cases a significant amount of energy is 
transferred from lower-order modes into higher-order modes that attenuate rapidly, 
and causes abnormally large transmission loss over some frequency range. 2. The 
characteristic frequency, soliton wavelength and packet length resonances, exhibited 
in the interaction between sound waves and internal solitons, could also be explained 
by acoustic mode-coupling. For example, a single packet is located at a distance 
of 15 km. For a given frequency (630 Hz) and packet length (about 1.4-1.5 km), 
the transmission (of point source) at 30 km is a resonance-like function of soliton 
wavelength shown in Fig. a. Taking the first normal mode as the input field to the 
PE code, we obtained the depth distribution functions for 15, 20 and 30 km shown 
in Figs. b-d. After interaction with the packet, at the resonance soliton wavelength 
of 235 m, the shape is very different from the first mode and the amplitude becomes 
much smaller, but for the wavelength of 200 m or 280 m, the shapes are still very 
close to that of mode 1. At a distance of 18 km we decompose the PE field into 
normal modes, and get the relative amplitudes of the exciting function for different 
modes shown in Figs. e-g. For the wavelength of 235 m, a significant amount of 
energy has been transferred from mode 1 into higher-modes, especially modes 3 and 
4 (which have a much larger attenuation rate). For the wavelength of 200 m or 280 
m, only a few percent of the wave energy is coupled into higher-order modes. For 
the case of frequency or packet length resonances similar results have been obtained. 
3. The numerical results have shown that the principal transfer of energy caused by 
the interaction with internal wave packets occurs between modes whose eigenvalue 
difference equals the wavenumber of the spectrum peak of internal wave packets. 
4. The results suggest that low-frequency acoustic measurements could be used 
for remote monitoring of internal wave activity and for extracting hydrological and 
meteorological characteristics of the water mass in the coastal zone. A joint at-sea 
experiment with oceanography community would be desirable. 
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Nonreciprocity of Long-range Reverberation in Wedged Continental Shelf 
J. X. Zhou, X. z. Zhang and P. H. Rogers 
{School of Mechanical Engineering, Georgia Tech) 
D. H. Guan 
(Institute of Acoustics, Academia Sinica) 
Today we would like to discuss some problems involving Long-range reverberation 
in shallow water. 
Fig. 1 
The title of the talk is "Nonreciprocity of Long-range Reverberation in Wedged 
Continental Shelf". The talk is divided into four parts. First we would like to talk 
a little bit about the background of current research on long-range reverberation in 
shallow water. The problem seems to fall into a "dilemma" (endless loop) with no way 
out. Second, we introduced an averaged angular power spectrum method for long-
range reverberation in the Pekeris model to show how we could bypass such 'dilemma'. 
Based on a resulted transformation relation between arbitrary angle dependence of 
bottom scattering and the range dependence of reverberation in shallow water, some 
experimental data on bottom scattering at small grazing angles and low frequencies 
will be given in the third part. In the last part, using the WKB approximation to 
the adiabatic normal mode theory, we 2xtend the problem into wedged homogeneous 
shallow water. The result shows that the monostatic reverberation intensities, obtained 
at two terminals with different depths, would not be reciprocal. Because of time 
limitations, the results are presented, rather than developed. 
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I. The status of current research on long-range reverberation in shallow 
water 
Fig.2 
Generally speaking, the 'long-range' means low-frequency, and the range is more 
than several hundred times of water depth. Here are two typical long-range rever-
beration decay curves for two frequencies(lOOOHz, 1600Hz; 1/3 OCT), obtained from 
a shallow water with the depth of 29m using a explosive source. The ordinate is the 
relative reverberation level; The abscissa is the range-depth ratio. If a water depth is 
lOOm, the ratio value of 400 corresponds that the reverberation signal comes from 40 
km far away .. These reverberation curves(see Fig.l) were obtained in a Pekeris shallow 
water , i.e., the simplest shallow water model. 
Fig.3 
In the Pekeris model, the effect grazing angle of sound propagation can be ex-
pressed as Eq.(l), where Q is the bottom reflection-loss parameter at small grazing 
angle, defined as 
-ln!V(B) I = Q8 
Here are some Zhou's experimental results(from vertical coherence measurements of 
sound propagation), compared with Zhou and Smith theory. The results show that at 
long-range, the grazing angles of sound interacting with bottom are very small. For 
example, at a distance of 400 times of water, the main energy come from angles that 
are less 2.4° for 800Hz, less than 2° for 1600 Hz. Due to mode stripping, the farther 
the distance, the smaller the grazing angles of the effective sound propagation. What 
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about the bottom scattering at such small grazing angles and low frequencies? 
Fig.4 
The upper curves of Fig.4 is a copied from Urick's book. At small grazing angles, 
no data. The following is quoted from the proceedings of 1983 Shallow Water Acoustics 
Workshop: 
"Grazing angles of primary importance to shallow water applications range from 
about 30° to near oo with the smaller angles being more important...... To 
date, NOVOCEANO has not been able to report either bottom reflectivity or bottom 
backscattering values for any shallow water area." 
Nine years have past, as we know, still no any progress in this area. The multipath 
in shallow water and the unclear mechanisms of bottom scattering at low frequency 
make the computation of long-range reverberation very complex. The theoretical 
acousticians have no adequate and reliable data base for bottom scattering to develop 
a practical theoretical model. Experimental acousticians say we have no suitable theo-
retical reverberation formula to use for measuring bottom scattering strength at small 
grazing angle. ( Because the significant difficulty is that if the assumption used in ex-
tracting the scattering coefficients from the received reverberation has no enough data 
as a base, the resulting coefficients will not represent valid environmental parameters 
which should be independent of how the data were obtained and analyzed.) Thus the 
problem of long-range reverberation in shallow water seems to fall into an endless loop 
with no way out. 
Some groups are working on developing theoretical model of bottom scattering 
at low frequency, and trying to get its angular and frequency dependence. A pressing 
problem is that how to judge the validity of their theoretical results at low frequency 
3 
and low grazing angle. ( Currently available data are limited to high frequencies or 
larger grazing angles.) 
Next we would like briefly to introduce a averaged angular power spectrum method 
for shallow water long-range reverberation, and to give some data on bottom scattering 
at small grazing angles and low frequencies. 
II. An averaged angular power spectrum method for long-range reverber-
at ion 
Fig. 5 
For a point source in shallow water, applying the WKB approximation to the 
normal mode expression(Brekhovskih,Zhou), or using the ray method(Smith) or the 
flux method(Weston) the averaged sound field intensity can be expressed as Eq. (2) 
where 8(z0 ) and 8(z) are the equivalent ray angle of normal mode at the source -.. 
depth or receiver depth, Sis mode cycte distance. lniV(B)I is the bottom reflection-
loss. 
We call Iap8 the angular power spectrum. Except the cylindrical spreading and the 
medium absorption, the sound velocity profile and the boundary condition together 
compose a angular filter of shallow water sound propagation. The angular expression of 
sound propagation can naturally be connected with the classical expression of bottom 
scattering in the angular domain. For a given signal ~uration, there are a lot of 
scattering signal simultaneously return to a receiver. The bottom scattering looks like 
a stochastic filter. The reverberation can be treated as a angle-weighted process. The 
net analog of shallow water reverberation can be expressed as Eq. (3). The forward 
transmission net, bottom scattering net plus backward transmission net. 
Where the M(8, 4J) is the bottom scattering coefficient for plane wave. 8 is the 
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grazing angle of incident mode-ray, and cjJ is the scattering angle. A is a scattering area. 
The validity of a theoretical result from this expression will depend on the validity of 
scattering coefficient M(fJ, ¢). Unfortunately as above-mentioned, at low frequencies 
and low grazing angles there is no data or general expression about the M(fJ, ¢). It 
would be very complex function of bottom surface roughness, sediment type, sediment 
inhomogeneity, angle, frequency and so on. It still seems. no way out. 
Here we use a little trick to bypass the "endless loop". 
Fig.6 
Here is an arbitrary angle dependence of bottom scattering, ignoring the concrete 
analytical expression, i.e., no matter what is the main mechanism of bottom scatter-
ing, surface roughness, volume inhomogeneity or whatever. General speaking, The 
scattering coefficient M(fJ, ¢) is a slowly changed function. The smaller the angle 8 or 
¢, the smaller the scattering strength. I( we consider backward scattering is reciprocal, 
i.e., M(B, ¢) = M(¢, 8), then at small grazing angles any scattering function can 
always be expressed as Eqs.(4-5). 
We introduce this phenomenological expression only as a "bridge" between long-
range reverberation and bottom scattering, ignoring the concrete analytical expression. 
Next we will see that it is this little trick to help us to bypass the above-mentioned 
"endless loop". 
Fig.7 
In the Pekeris model the angular power spectrum is expressed by Eq.(6). 
From Eqs.(3-6), we get an expression for long-range reverberation as Eqs.(7-8). 
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(The reverberation time ti = ~' c-sound velocity.) 
The result shows that the characteristics of long-range reverberation between 
distance ri-1 and ri mainly depend on the bottom scattering indices Jli, ni in the 
region between (}i_ 1 and (}i. The transformation between the range dependence of 
reverberation level RL and the angle dependence of bottom backscattering strength is 
shown in Fig. 7. 
From this transformation relation the scattering indices Jli and ni can be derived 
from two data on the experimental curve of reverberation level near ri. Then we obtain 
the bottom backscattering strength at the angle (}i (see Eq. ( 1)). 
III. The reverberation-derived bottom scattering strength at small grazing 
angels. 
Fig. 8 
The bottom scattering strength for frequency band of 800Hz-4kHz and grazing 
angles of 2°-8° , shown here, is derived from at-sea experimental reverberation data. 
For the reliability of results only those experimental long-range reverberation data 
were used for extracting bottom scattering that were about 9 dB higher than the 
environmental noise. (For comparison, the bottom scattering at larger angles obtained 
by other researchers from deep water measurements is included with dote or dashed 
lines.) 
Fig. 9 




Russian acousticians Ivakin and Lysanov compared their theoretical bottom scat-
tering model with our experimental data(Fig. 10), the discrepancy does not exceed 
3 dB at any of the investigated angles and frequencies. Our results have two specific 
features which are different from high frequency results: bottom scattering has 
more strong frequency dependence, and decrease much more rapidly as 
the grazing angle is decreased. At very small angles, the bottom scattering index 
could be larger than Lambert's law scattering i.e., n > 2. 
IV. Long-range reverberation in wedged homogeneous continental shelf 
Fig. 11 
Next we extend the results of long-range reverberation to shallow water of variable 
depth. (we consider the case of propagation directly up or down slop from the source 
If the water depth and sound velocity profile vary extremely slowly with hori-
zontal distance, by neglecting any coupling between normal modes, Pierce obtained 
a adiabatic normal mode expression for sound propagation as Eq.(9) (a cylindrical 
coordinate has been assumed): 
where .............. . 
The adiabatic mode theory means that the local modes adapt to local environ-
ment. So the grazing angle of equivalent ray of normal modes satisfies Eqs.(1Q-11). 
For a wedged homogeneous continental shelf the water depth can be expressed by 
7 
Eq.( 12). 
Applying WKB approximation to the Pierce's expression, the averaged sound 
intensity in homogeneous wedged shallow water can be expressed as Eq.(13). 
The averaged angular power spectrum in wedged water is expressed by Eq.(14). 
Fig. 12 
Using above-mentioned angular power spectrum method, we get a averaged sound 
intensity in the most interested three-half law field area as Eq.(15). The averaged 
reverberation intensity is expressed by Eq.(16). 
The sound propagation is reciprocal if we exchange the positions of the source and 
receiver. But the monostatic reverberation intensities, obtained at two terminations 
with a depth of H 1 or H2, would not be reciprocal (see Eq.(17)). 
Here N is the angular index of bottom scattering defined as Eq.(18). If there 
are two identical active sonars, but the water depth of their locations is different, the . 
reverberation interference to the sonar at shallower area would be much smaller. For 
example, if H 1 = 50m, H2 = 200m, N = 2 (so-call the Lambert's law scattering), 
then the reverberation interference at shallower area would be 12 dB less. 
At last year's Shallow Water Acoustic Workshop held at Woods Hole, a report 
from NUSC, New London mentioned that the reverberation in continental shelf is not 
reciprocal. The authors of this talk hope their theoretical result could be, in some 
degree, helpful to explain the NUSC at-sea experiments. 
Thanks! 
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Nonreciprocity of Long-range Reverberation 
in a Wedged Continental Shelf 
J. Z. Zhou, X. Z. Zhang, P. H. Rogers and D. H. Guan 
1. Background (The shallow water reverberation problem seems 
to fall into "an endless loop" with no way out.) 
2. Averaged angular power spectrum method for long-range 
reverberation in shallow water. 
3. Transformation relation ~ Bottom scattering at small grazing 
angles, derived from experimental reverberation data. 
4. The WKB approximation ~ adiabatic mode theory. 
Reverberation in a wedged shallow water is not reciprocal. 
#1 
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The Vertical coherence of sound propagation in Pekeris model(Smith, Zhou) 
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FIG. 8-22. Low-frequency deep-water bottom back-. 
scattering strength as reported in four sets of 
measurements. 
Shallow Water Acoustics Workshops Proceedings (1983) : 
"Grazing angles of primary importance to shallow water applications range 
from about 30° to near 0° with the smaller angles being more important ..... . 
To date, NOVOCEANO has not been able to report either bottom reflectivity 
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R(r. z; zo) = 11 e~: Iap.o( B. r, t') *A* M( B, fjJ) * e~: lap..( fjl, r, z')dBd¢ (3) 
where the l\1( (), ¢) is the scattering coefficient of plane wave from bottom. 
M((), ¢) =? 
It must be a very complex function of bottom surface roughness, sediment type~ 
sediment inhomogeneity, angle, frequency and so on. Unknown ! No way out ? 
#5 
Arbitrary angle dependence of equivalent bottom scattering: 
A1(8, ¢) 
Reasonable assumptions at small grazing angles 
1) Decreasing function of angle with decreasing grazing angle; 
2) Reciprocal when incident angle and backward scattering angle exchange, 
i.e., M(O, ¢) = M(¢, 0) 
where 
~i(x) = { 1' 
0, 





In the Pekeris model the angular power spectrum 
From Eqs.(3-6), we get an expression for long-range reverberation as 
N 
R(r) = e-2ar L ~ * ~i(r) 
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Transformation relation between the range dependence of RL 




..... _ . --
log(r) 
rr 
. . . 
1 
#7 






.-1 : Ref • 1 H . 
B 
.  . , )30 II·, ~~f) 1 I 
• e t • 1 ., - ... .,.) z 
C 
-, --~kH·" 1-C , .. 
1 
3 : Hef ·., 1 
J1 -n-- .
1
> ~, --3kHz 
lJ ·' . '\ d . :-. , (). ~- . ~ -Dt · J> · - 1.6 kH, 
E 
) . ,l.~l • ~ 1 . .. 
I-£· ·R . -, .hkHz:-"' 11·)· 
"1 • et • 1 1!-l ·
1
·-'" lz , _ ... --L~. 
6 
G . raztng angle f)o 




,f A :Ref ·1, IOJOH3 530Hz lj 
8: Ref·:?, .:?.5kHz · //' 
Ct -CJ :Ref·3, 1-3kHz I 
1 Dt -D3 :Ref·5,0.8-1.6kHz I I 1 
/J4-D6 :Ref·S, 1.6kHz-3.2kHz B // j I 
£1 -£4 : Ref.i, 2kHz ---:::::==...._ !./ t! j 
. --17\ ~ ~ I f"-:-..1
1
1
1 --- y....-· 'tT-/ " '-1/ -------- .. _.........-· _§1.-.-.~~~~~~»~r'' 
- ~ . E . _ _f_. .....-oV~ 
h ~- .---·---- -~-~~-j".,~ I 
1
/ /I _..........1. __..- __...-E J~ I/ /1 
~ .........-- e _,.--· ~ . 1./', ,// f"'!!/ 
.  ~;-' ................ , '-1 tl _.,..,-- -~-•? _,,."'' -~- / . 
c .... ;::;;-~.-;, .............. ,_,/ 06 / / /~"' // 
b ~ .4 ...... --~ --:::::-r-..Jj / a _ _.... - .-4---- __....£_ __ .,... 
;..-- _....o-~~o-- ·---
o---~ -- D3 1---... ----·---Y..----... -
Grazing angle oo 
Sea area 2 




0 0 0 0 0 
F1G. 1. Intensity of sound scattering 
by tie bottom vs grazing ang lc at vari-
ous frequencies: 1) 0.8 kHz; 2) 1.0; · 
3) 1.6: 4) 2.5; 5) 4 kHz. 
~ 7 lO -;:o 
5.0° 
I Z J -" f,kHz 
PIG. 2. Intensity of sound scattering 
by the bottom vs frequency at various 
grazing angles: 1) 2.5•; 2) s·. 
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In shallow water of variable depth, the an adiabatic normal mode expres-
sion (Pierce) : 
(2; · ~ 
P(r, z; z0 ) = y-;-- e-t4 






The adiabatic mode theory means that the local modes adapt to local 
environment. So the grazing angle of equivalent ray of normal modes satisfy 
km(r) = k(r) cos(Bm(r)) (10) 
H ( r) sin Om ( r) = H ( 0) sin Om ( 0) (11) 
For a wedged homogeneious continental shelf the water depth can be ex-
pressed by 
H(r) = H(O) (1 + ar) (12) 
Appling WKB approximation we have the averaged sound intensity : 
2 1 [ {r LniV(Bm)l ] 
I(r) = H(O)r exp Jo H(r) tan(9m(r))dr d9m(r) (13) 
The averaged angular power spetrum 
rr Ln I V(Bm) I 
Ips((), r) = eJo H(r) tan(Om(r)) dr (14) 
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Q[H(O) + H(r)] r3/2 (15) 
The averaged reverberation intensity is: 
J.l-7r(2-n/2)cr Hn(o) 1 
R(r) - ---- ------- __ _ 
- 4 [Q H(O)~H(r)](l+n/2) r(2+n/2) (16) 
Sound propagation is reciprocal if we exchange the positions of the source 
or receiver. But the monostatic reverberation intensities, obtained at two ter-
minations with a depth of H 1 or H 2 , would not be reciprocal. 
RH, ( r) = ( H1 )N 
RH2 (r) H2 
(17) 
where N is the angular index of bottom backscattering defined as 
BS(O) = 10 log1o (J.l-SinN 0) (18) 
t .\. \ ' ' I 
( ( 






If H1 = 50m, H2 = 200m, N = 2, then the reverberation interference at 
shallower area would be 12dB less. 
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Resonant interaction of sound wave with internal solitons 
in the coastal zone 
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Naturally occurring internal solitary wave trains {solitons) have often been observed in the 
coastal zone, but no reported measurements of such solitary waves include low-frequency long-
range sound propagation data. In this paper, the possibility that internal waves are responsible 
for the anomalous frequency response of shallow-water sound propagation observed in the 
summer is investigated. The observed transmission loss is strongly time dependent, anisotropic 
and sometimes exhibits an abnormally large attenuation over some frequency range. The 
parabolic equation {PE) model is used to numerically simulate the effect of internal wave 
packets on low-frequency sound propagation in shallow water when there is a strong 
thermocline. It is found that acoustic transmission loss is sensitive to the signal frequency and 
is a "resonancelike" function of the soliton wavelength and packet length. The strong 
interaction between acoustic waves and internal waves, together with the known characteristics 
of internal waves in the coastal zone, provides a plausible explanation for the observed 
anomalous sound propagation in the summer. By decomposing the acoustic field obtained 
from the PE code into normal modes, it is shown that the abnormally large transmission 
attenuation is caused by "acoustic mode-coupling" loss due to the interaction with the internal 
waves. It is also shown that the .. resonancelike" behavior of transmission loss predicted by the 
PE analysis is consistent with mode coupling theory. As an inverse problem, low-frequency 
acoustic measurements could be a potential tool for remote-sensing of internal wave activity in 
the coastal zone. 
PACS numbers: 43.30.Bp, 43.30.Ft, 43.25.Cb 
INTRODUCTION 
Naturally occurring internal wave packets have often 
been observed in the coastal zone, especially in the summer. 
The mechanism for the generation of these nonlinear inter-
nal waves have been widely investigated in the geophysics 
and fluid mechanics community. Unfortunately, however, 
no reported measurements of such solitary waves include 
low-frequency long-range sound propagation data. The 
acoustic community has paid little attention to the effect of 
solitary waves on sound propagation with the exception of 
the work of Baxter and Orr that was based on ray theory and 
calculated the influence of an oceanic internal wave packet 
on short-range (high-frequency) sound propagation. 1 Ex-
periments, conducted by Zhou and his group at Institute of 
Acoustics of the Chinese Academy of Sciences in Beijing 
over a four-year period at the same area of Yell ow Sea, have 
shown that the frequency response of shallow water sound 
propagation in the summer is a strong function of time and 
propagation direction, and sometimes exhibits an abnormal-
ly large attenuation over some frequency range. A part of 
these results was reported before, 2•3 but it cannot be ex-
plained by a conventional range-independent model of 
sound propagation using reasonable bottom acoustic param-
eters and an average sound-speed profile. 
internal waves. First, we briefly discuss the characteristics of 
internal wave packets in the coastal zone. We then review the 
aforementioned experimental results of Zhou eta!. that ex-
hibited the anomalous frequency response. In Sec. III, we 
hypothesize that this anomalous, anisotropic frequency re-
sponse is caused by the influence of internal wave packets. 
We support the hypothesis with numerical simulation re-
sults obtained using the parabolic equation ( PE) propaga-
tion model. In Sec. IV, we decompose the acoustic field ob-
tained by using the PE model into the normal modes, and 
show that the abnormally large transmission loss which oc-
curs over certain frequency ranges is due to "mode-cou-
pling" loss induced by the internal wave packets. In Sec. V, 
we show that "resonancelike" behavior of the attenuation is 
consistent with mode coupling theory. 
In this paper, we investigate the possibility· that the 
anomalous propagation results "lre due to the presence of 
I. CHARACTERISTICS OF INTERNAL WAVE PACKETS 
IN THE COASTAL ZONE 
Internal waves have been observed almost everywhere 
in the ocean.4 In the open ocean they are best described as a 
stochastic phenomenon with a broadband frequency wave 
number spectrum.' However, analysis of extensive data on 
internal waves in the coastal zone, 6-22 has shown that these 
waves exhibit the properties of solitons. The experimental 
data includes: current and temperature measurements; ver-
tical profiles from CTD, XBT, and acoustic echo sounding 
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devices; ship's radar and satellite (or space shuttle) images 
obtained at optical and radar frequencies. We are primarily 
interested in the effect of internal solitons on long-range 
sound propagation in the coastal zone, and not the mecha-
nisms for the generation or propagation of internal wave 
packets (which has been widely investigated in the geophys-
ics and fluid mechanics communities). We thus limit our 
discussion of internal waves to the following summary of the 
relevant characteristics of internal wave packets in the coas-
tal zone. 
( 1) Internal waves in shallow water are frequently ob-
served in deterministic groups (wave packets) with well-
defined wavelengths that are describable as solitary waves 
(or solitons). These waves are usually observed in summer 
when they are trapped in a strong and shallow seasonal ther-
mocline. 
( 2) Solitons in shallow water ( h I A i < 1 ) are described 
to first order in wave amplitude by the K~rteweg--de Vries 
(KdV) equation: AI +CoAx + J..LAAx + 8Axxx = 0. The 
solitary waveforms often have a "sech2, profile. When an 
initial solitary wave propagates, it often evolves more rank-
ordered solitons and exhibits clear nonlinear and dispersiv<~ 
features such as higher-than-linear group velocity, and a de·· 
crease in wavelength and amplitude toward the rear of the 
packet. 
( 3) The number of wave packets are highly correlated 
with the strength of the local tides: The maximum number 
occurs during spring tides and the minimum number occurs 
during neap tides. Whether or not they occur is critically 
dependent on the structure of the background shear and 
stratification profiles. 
( 4) Solitary wave packets propagate shoreward, and are 
often generated by a tidally driven flow over sills, continental 
shelf edges, or other major variation in underwater topo-
graphy. 
( 5) Because of the shallowness of the summer seasonal 
thermocline and the large amplitude of the coastal internal 
waves, strong surface expressions of solitons have been ob-
served with a variety of remote sensors, including photo-
graphs and synthetic aperture radar (SAR) from satellites 
and space shuttles. 
Naturally occurring large-amplitude internal solitons 
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have been reported in many coastal zones of the world such 
as: the Massachusetts Bay,~8 • 11 the New York Bight,lo-22 
Gulf of California, 1 0 •13 Andaman Sea offshore Thailand, 9 ' 18 
the Australian North West Shelf, 19 the Sulu Sea between the 
Philippines and Borneo, 1 ~' 16 off the coast of Portugal, 12•18 
offHainan Island in the South China Sea and off the Strait of 
Gibraltar in Alboran Sea, 23 the Scotian Shelf off Nova Sco-
tia, 14 the Celtic Sea, 17 and so on. They have also been ob-
served in lakes. 24' 2 ~ As an example, an excellent record of an 
internal wave packet is shown in Fig. 1. It was obtained by 
Orr using high-frequency acoustic scattering in the Massa-
chusetts Bay. 7•8 The period of the waves is Doppler shifted 
by the ship's speed of about 2.5 kn. The seasonal thermocline 
is displaced by 30m (arrow 1) and the stratified point scat-
terers (zooplankton?) at 30 to 40 mare displaced more than 
20m (arrows 2 and 3). The heavy acoustic backscattering in 
the vicinity of arrow 4 and extending in an oscillatory pat-
tern throughout the figure is possibly caused by turbulent 
mixing in the thermocline. The heavy scattering near 75 m is 
probably caused by euphausiid and mysid shrimp. Figure 2, 
taken from the work of Osborne and Burch,9 shows how 
rough and smooth bands on the water surface can be caused 
by internal solitons. Such surface expressions have been de-
tected by ship, satellite, and space shuttle in many areas. For 
example, Fig. 3, taken from the work of Liu, 21 is a line draw-
ing of the internal wave packets in the New York Bight, 
observed from Seasat satellite, which clearly illustrates the 
anisotropic characteristics of internal waves in the coastal 
zone. There are numerous wave groups, all propagating 
shoreward. Each group consists of many solitons. The num-
ber of groups often depends on the local tide strength and the 
density profile of water column, i.e., it is a function of time. 
The characteristics of internal wave packets in the coas-
• tal zone summarized here, will be helpful in explaining the 
anomalous experimental results, introduced in the next sec-
tion. 
II. FREQUENCY RESPONSE OF SHALLOW-WATER 
SOUND PROPAGATION IN THE SUMMER 
Zhou and his group at Institute of Acoustics, Academia 
Sinica ( IAAS) have measured the frequency response of 
shallow-water sound propagation under the condition of a 
FIG. 1. A 200-kHz acoustic record of an in-
ternal wave packet observed in the Massa-
chusetts Bay. 
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FIG. 2. A sketch of an internal soliton in a two-layer ftuid model showing 
the ftuid-particle velocities and the surface expression. 
strong thermocline in the Yell ow Sea off China. A great deal 
of data was collected over several years in the same area, 
(which had a characteristically flat seabottom with high-
speed sediments). The data included measurements of 
sound propagation, long-range reverberation, sound field 
spatial coherence and utilized normal-mode spatial filtering 
techniques. The acoustic parameters of the bottom for this 
area were obtained by wideband acoustic measure-
ments. 26•27 Generally speaking, the experimental data fits 
theoretical predictions very well. For example, transmission 
losses as a function of frequency for winter, late spring, and 
sometimes for summer were correctly predicted. However, it 
was found that, in the summer, even along the same experi-





FIG. 3. Line drawing indicating internal wave packets in the New York 
Bight, observed from the Seasat satellite. 
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frequency response of sound transmission could often be 
very different for different years. 
Figure 4 shows power spectra that are obtained by avt:r-
aging several explosive propagation signals. The upper curve 
is the power spectrum at a propagation range of0.5 km, the 
lower one is at a range of 28 krn. The difference between the 
two curves is a measure of the sound transmission loss be-
tween two receiving points, i.e., the frequency response of 
sound propagation. Between 300 and 1100 Hz, especially 
around 600 Hz, the transmission loss is abnormally large. 
The measured sound-speed profiles at the receiving ship are 
shown in Fig. 5. Both source and receiver were located below 
the thermocline. The anomalous transmission loss cannot be 
explained by conventional models of sound propagation 
(with a full complement of bottom acoustic parameters and 
an averaged sound-speed profile of water column). In order 
to explain this phenomenon, Zhou and his colleagues at 
IAAS made observations, every August for 4 years at same 
area. The abnormal attenuation frequency range varied with 
time. In Fig. 4, it occurs at around 600Hz, but for different 
years or different propagation directions, it has been ob-
served around 500, 1200, or 1600 Hz. Sometimes, there is no 
apparent abnormal attenuation frequency range. 
In another experiment, the frequency response at a fixed 
range for six different radial directions was obtained. The 
results are shown in Fig. 6. The transmission distance was 
kept constant at 28 km, by moving the source ship along one 
quadrant of a circle centered at the receiving ship. Each 
curve represents an averaged value obtained from several 
explosive signals. Transmission loss is obviously a strong 
function of propagation direction. For different propagation 
directions, at some frequencies, the sound intensity varied as 
much as 25 dB! However, in another experiment, at the same 




FIG. 4. Explosive signal power spectrum for shallow-water sound propaga-
tion in the summer which exhibits an abnormally large attenuation around 
600Hz (experimental data). Both source and receiver are located below the 
thermocline. O>mputational results (see Sec. Ill B): (I) without packet--
-. (2) with three packets 0 0 0. 
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FIG. S. Three sound-speed profiles measured at the r~iving ship at differ-
ent times. 
place, in a different year, two orthogonal propagation direc-
tions were observed to have almost identical frequency re-
sponses. It was not at all clear why, when there is a strong 
thermocline, the frequency response of shallow-water sound 
propagation in the experimental area was often observed to 
be a strong function of both time and propagation direction, 
and sometimes exhibited abnormaJly large attenuation over 
some frequency range. 
Using ray theory and experimental contours of sound 
speed versus range and depth, Baxter and Orr1 calculated 
the influence of an internal wave packet on short range 
1000 2000 
Frequency (Hz) 
FIG. 6. Frequency response of sound transmission loss (TL) for the !>Urn-
mer which shows different results for different propagation directions. 
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FIG. 7. A record of temperature versus time over a period of 42 min at a 
fixed depth (near the thermocline). 
(high-frequency) sound propagation. The calculations 
showed that at a fixed position the intensity of sound field 
could vary by as much as 20 dB; relative to a case without the 
presence of the internal wave packet. We hypothesized that 
internal wave packets might have a strong influence on low-
frequency long-range sound propagation in shallow water as 
well and could possibly explain Zhou's Yellow Sea propaga-
tion data. In the next section, we support this hypothesis 
with numerical simulation results obtained using the para-
bolic equation method. 
Ill. NUMERICAL SIMULATION OF THE INFLUENCE OF 
INTERNAL WAVE PACKETS ON SOUND 
PROPAGATION 
A. Oceanic model 
The presence of internal waves makes the sound-speed 
profile of the water range dependent. Unfortunately. in 
Zhou's experiments there were no accompanying systematic 
measurements of the internal wave field; and only the sound-
speed profile at the receiver was measured. During the time 
period over which the frequency response shown in Fig. 4 
• was obtained, it was found that the thermocline depth at 
receiving ship location did change with time. Figure 5 shows 
three sound-speed profiles that were obtained at different 
times. 
During the experiment, Zhang28 measured the tem-
perature fluctuation as a function of time at the receiving 
ship. A record of temperature fluctuations over a period of 
42 min at a fixed depth (around the thermocline) is shown in 
Fig. 7. The temperature fluctuated between about 13 oc and 
27 ac. The possible presence of several individual solitary 
waves is indicated by temperature peaks due to the depres-
sion of the thermocline. Figures 5 and 7 give at least some 
evidence that there was solitary wave activity in the area of 
acoustic experiments. 
Due to the fact that we have no data concerning specific 
characteristics of internal waves at the experimental site, for 
simplicity, following Lee's three-layer model of internal 
wave, 29 we assume that the internal wave packet can be ex-
pressed by a gated sine function as shown in Fig. 8 (b). In 
this figure, if a packet begins at r0 , then, for r0 + LP>r>r0 , 
Z 1 = 14.0-2.0sin(21Tr/A.;), (1) 
z2 = 19.0- 5.0 sin(21Tr!A.; ). (2) 
The idealized sound-speed profile in the absence of in-
ternal waves for the numerical simulation is shown in Fig. 
8(a). We call A.; the soliton wavelength, and LP the packet 
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FIG. 8. Simplified oceanic model for an internal wave packet. 
length. Referring back to Fig. 1, we see that an almost sinu-
soidal interface exists between the wanner surface layer and 
the underlying cooler water. The waveform of the soliton in 
Fig. 5 of Ref. 1 is also almost sinusoidal. The simplified, 
sinusoidal model, is thus seen to be not physically unreason-
able. The main purpose of this work is to provide the first 
physical insight into the possible effects of internal wave 
packets on wideband low-frequency sound propagation in 
shalJow water. It is not to predict the characteristics of inter-
nal waves for a specific· area. Our simplification should not 
alter the qualitative results which follow. 
The averaged values for bottom sound speed (cb) and 
bottom acoustic attenuation (aP) for the experimental area 
are given by26·30 
cblcu.. = 1.056, 
aP = 0.34/J.S4 dB/m, 
where/is the frequency in kHz. 
.( 3) 
(4) 
B. Comparison of numerical frequency response with 
experimental data 
Numerical simulation results obtained using the para-
bolic equation (PE) method (IFD31 - 33 code), show that 
internal wave packets can significantly' change low-frequen-
cy transmission Joss. The frequency response and, in particu-
lar, the abnormal attenuation frequency range are sensitive 
functions of the parameters of the soliton wave packets. 
For example, using the simplified ocean mode] given in 
Fig. 8 and Eqs. ( 1 )-( 4), we put three internal wave packets 
located at 5, 15, and 25 km, along propagation track with 
each packet consisting of six solitons each with a wavelength 
A; of235 m (LP = 6A.; = 1410 m). The transmission loss as 
a function of range for four frequencies (with a receiver 
depth of 32m and a source depth of25 m) is shown in Fig. 9. 
The difference between the results with and without the soli-
ton packets present is small at 100 or 1000Hz, but at 600Hz 
the difference at 30 krn is as much as 25 dB. The most inter-
esting and encouraging result is that, in this case the numeri-
cal transmission loss as a function of frequency (shown in 
Fig. 4 by the circles) fits the experimental results quite well. 
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As a consequence of the characteristics of internal wave 
packets described in Sec. I (propagation in groups, well-
defined wavelengths, high correlation with tides, shoreward 
propagation), the projection of the solitons in different 
acoustic propagation directions and for different times will 
be different. If we change the soliton wavelength in the three 
packets to 235, 300, 350, 400, and 500 m, we would get fre-
quency responses as shown in Fig. 10, that are similar to the 
experimental results for different propagation directions 
shown in Fig. 6. Hence, interaction between acoustic waves 
and internal wave packets is consistent with Zhou's experi-
mental results for shallow-water sound propagation in the 
summer. 
Why does the abnormally large attenuation in Fig. 4 
occur around 630Hz for internal wave packets consisting of 
six solitons with a wavelength of 235 m? Why do internal 
wave packets with the same parameters have a much smalJer 
effect on sound propagation at frequencies around 300 or 
1000Hz? In the next section, we will show that these are due 
to "resonances" in the acoustic mode-coupling induced by 
the internal wave packets. 
IV. RESONANCE EFFECTS 
A.Frequencyre~onance 
For our numerical model ofshalJow water, with a water 
depth of 38m, mode stripping caused by seabottom attenu-
ation, results in only a few modes still being present at a 
distance of 15 km. If the source and receiver are located 
below the the~ocline, for a realistic sea bottom, the first 
mode dominates the sound field at long-range over the fre-
quency range of interest. In order to isolate the effect of in-
ternal wave packets on the mode coupling among acoustic 
normal modes, we put a single packet consisting of six soli-
tons with a wavelength of 235 m at 1 S krn and use the firs.t 
normal mode alone as the initial input field to the parabolic 
equation code. Thus, prior to interaction with the packet, we 
assume only one mode (the first) is present; higher-order 
modes are generated as the first mode propagates through 
the internal wave packet. The depth distribution function of 

























FIG. 9. Comparison between transmission loss without internal waves(---) and with three packets located at 5, 15, and 25 km (-). LP = 1410 m. 
A,= 235m. 
sound pressure amplitude at 15, 20, and 30 km obtained by 
PE method are shown in Fig. 11. At a range of 15 km (before 
the wave has interacted with the internal wave packet), the 
shape of the first mode is maintained at a11 frequencies. After 
interaction with the internal wave packet, at 300 and 1000 
Hz, the energy is still predominantly in the first mode. How-
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ever, for 630Hz, the depth distribution shape is quite differ-
ent from the first mode, due to resonance scattering, and the 
amplitude is much sma11er. 
The mode coupling due to interaction with internal 
wave packets can be easily calculated. Neglecting the 
evanescent modes, which decay at large range, leaves only a 
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FIG. 10. The computational transmission loss at 28 km for three internal 
wave packets with different wavelengths..{, = ( 1)235 m, (2)300 rn, (3 )350 
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finite number of propagating modes at a given frequency. 
The propagated field [ <f>PE ( r ,z) ] obtained by the PE meth-
od can be expanded in terms of a set of local modal eigen-
functions [ U, (z)], corresponding to the sound velocity 
profile shown in Fig. 8 (a), as follows: 
<f>PE (r,z) = L APErr (r) U, (z), (5) 
" 
where the local modal eigenfunctions U, (z) satisfy the ap-
propriate boundary conditions at the sea surface and bottom 
and the differential equation 
d 2 U 
dr" + [k 2 (z) -k!]U, =0, (6) 
where k, is the eigenvalue (modal wave number). The mod-
al eigenfunctions also satisfy the orthogonality relation 
J p(z) U, (z) U"' (z)dz = 6,,"'. (7) 
The Kronecker delta on the right side is unity if n = m and is 
zero if n=;fm. 
Multiplying both sides of Eq. (5) by U"' (z) and inte-
grating over depth with help ofEq. (7) (mode spatial filter-
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FIG. 11. The depth distribution function of sound-pressure amplitude for 
different frequencies at a range of 1 S km (---), 20 km (-), and 30 km 
(-) obtained using the PE method. PE input field: mode 1. One internal 
wave packet at 15-16.41 km with A;= 235m. 
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FIG. 12. The relative amplitudes of different modes at 18 km, showing frequency resonance of mode coupling. PE input field: mode 1. One packet at 15-16.41 
km. A; = 23.5 m. 
APEn (r) = f p(z)<l>p£ (r,z) un (z)dz. (8) 
After the interaction of the first mode with the internal 
wave packet, at selected ranges where no internal wave ex-
ists, the relative amplitude of higher-order mode to the first 
mode, A 111 , is given by 
lA PEn (r) I IJp(z)<l>pE (r,z) un (z)dzl A I = = .;......:.. _______ _ 
" lAPEl (r) I IJp(z)<l>pE (r,z) U 1 (z)dzl 




A.R = (~/' <I>R (r,z1 ) u. (z) 
M )2 
+ J _ ~ + 
1 
p 2 <t> R ( r ,z1 ) U, ( z1 ) , (10) 
A., = (t.P• <1>1 (r,z1 ) u. (z1 ) 
(11) 
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where <t> R ( r ,z1 ) and <t> 1 ( r ,z1 ) are the real part and the imagi-
nary part of PE field in the jth depth increment, M is the 
number of layers and the water-bottom interface occurs be-
tween the layer m and layer (m + 1 ). 31 The quantity, A" 1 , is 
a measure of the energy exchanged between the first mode 
and higher-order modes. In this manner using a normal-
mode computer program, aPE computer program and the 
ocean model described in Sec. III, we were able to decom-
pose the sound field obtained from PE into normal modes. 
The input field for the PE code is the first normal mode. In 
the absence of modal coupling only this mode would ever be 
present. Results for three different frequencies are shown in 
Fig. 12. The plots show the relative modal amplitudes at 18 
km. For ranges less than 15 km, only the first mode is pres-
ent. As indicated in Fig. 12, beyond 15 km there is interac-
tion with the internal wave packet, and at 630Hz a signifi-
cant amount of energy has been transferred from mode 1 into 
higher-order modes that will attenuate rapidly thereafter. 
Relatively little modal coupling occurs at the other two fre-
quencies. Table I shows the eigenvalue k, and the attenu-
ation rate {3" (corrected for cylindrical spreading) for the 
first seven normal modes, calculated by a normal mode pro-
gram for the sound velocity profile shown in Fig. 8(a) and a 
frequency of 630 Hz. 
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TABLE I. The eigenvalue k,., attenuation rate/3,. and eigenvalue difference 










2.635 594 3 
2.626 325 6 
2.611 159 6 
2.591 298 6 
2.572 735 4 
2.563 417 2 










0.009 268 7 
0.024 434 7 
0.044 295 7 
0.062 858 9 
0.072 177 1 
0.087 194 7 
From this analysis, it is evident that the modal coupling 
caused by internal waves can sometimes be an important loss 
mechanism for sound transmission in shallow water in the 
-summer. At 300 and 1000Hz, the mode-coupling effect is 
much weaker. Only a few percent of the wave energy is cou-
pled into high-order modes. At 630Hz, however, a signifi-
I 
( a ) 
f =630Hz 
r=30km 
L. = l . .f - 1.5 km 
Without Packet 
cant amount of energy has been transferred from mode 1 into 
higher-order modes, especially mode 3 and mode 4, with 
much larger attenuation rate. The mode-coupling induced 
by internal wave packets exhibits a frequency resonance ef-
fect, and can cause abnormally large transmission loss 
around the resonance frequency. The abnormally high at-
tenuation observed by Zhou et a/. over certain frequency 
ranges is consistent with interaction with internal waves. In 
Sec. V, we will discuss what determines the "resonance fre-
quency." 
B. Soliton wavelength resonance 
We continue to consider a single packet located at a 
distance of 15 km. We now fix the acoustic frequency at 630 
Hz and the packet length (Lp) at 1.4-1.5 km and calculate 
the effect of soliton wavelength (A;) on transmission loss. 
Figure 13 (a) shows the transmission loss as a function of 
soliton wavelength at a range of 30 km (with a receiver depth 
( c ) 
~=235m 
IIG 1110 1110 1110 a.o 0 10 20 30 40 
FIG. 13. (a) Soliton wavelength reso-
nance. (b)-(d) The depth distribution 
function of sound-pressure amplitude for 
di1ferent soliton wavelengths at 15 km 
(- --), 20 km (-),and 30 km (-) ob-
tained by PE method. PE input field : 
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FIG. 14. The relative amplitudes of different modes at 18 km, showing soliton wavelength resonance of mode coupling. PE input field: mode I . One packet at 
15-16.41 km.f= 630Hz. 
of 32 m and a source depth of 25 m). Transmission loss 
exhibits a resonancelike maximum at a soliton wavelength of 
235m. For other soliton wavelengths between 120 and 350 
m, the difference between transmission loss with and with-
out the presence of an internal wave packet is not significant. 
Taking first normal mode as the input field to the PE code, 
we obtained the depth distribution functions shown in Fig. 
13 (b)-( d). After interaction with the packet, for a soliton 
wavelength of 235 m, the shape is very different than that of 
the first mode, but for 200 and 280 m, the shapes are very 
close to that of mode 1. 
At a distance of 18 km, we again decompose the PE 
calculated sound field into normal modes and get the results 
for three different soliton wavelengths shown in Fig. 14. For 
a soliton wavelength of235 m, a significant amount of ener-
gy has been transferred from mode 1 into higher-order, high-
er-loss modes. However, for soliton wavelengths of 200 and 
280m, the mode-coupling effect is rather weak. That is, the 
mode coupling and, hence, the loss induced by internal wave 
packets exhibits a soliton wavelengtl, resonanre effect. 
C. Packet length resonance 
Once again, considering a single packet located at a 
range of 15 km, we now hold acoustic frequency (630Hz) 
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and soliton wavelength ( 235 m) constant, and calculate the 
effect of internal wave packet length (or, equivalently, the 
number of solitons) on transmission loss. Figure 15(a) 
shows the transmission loss as a function of packet length at 
30 km (with a receiver depth of 32 m and a source depth of 
25 m). The transmission loss is a periodic, "resonancelike" 
function of the pack~t length (Lp ). Taking first normal 
mode as the input field to the PE code, we obtain the depth 
distribution functions for the sound field for three packet 
lengths shown in Fig. 15 (b)-( d). At 18 km, after interaction 
with the packet, the shape of the depth distribution function 
for a six-soliton packet is very different from that of the first 
mode. However, for a longer packet consisting of 11 solitons 
it is close to the shape of the first mode and close even in 
amplitude to the results without a packet. 
At a distance of 18 km, we again decompose the PE 
sound field into normal modes, and get the results for two 
different packet lengths shown in Fig. 16. For a 1410-m 
packet (six 235-m solitons), a significant amount of energy 
has been transferred from mode 1 into higher-order modes. 
For a longer packet (2585 m, i.e., for 11 solitons), the mode-
coupling effect is much weaker. That is, the mode-coupling 
and hence the loss induced by internal wave packets exhibits 
a packet length resonance effect. 
Zhou eta!.: Sound and internal solitons 2051 
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V. MODAL COUPLING ANALYSIS 
Dozier and Tappert,l-' and McDaniel and McCam-
mon35 have shown that the exchange of energy between 
acoustic modes n and m induced by random internal waves 
in the deep sea or lateral seabed inhomogeneities in shallow 
water exhibits a wave number resonance effect. The princi-
pal transfer of energy will occur between modes whose eigen-
value difference equals the wave number of the spectrum 
peak of the internal waves or sub-bottom roughness. This 
result is also applicable to our numerical results shown in 
Figures 11-14. Significant energy transfer will occur be-
tween modes m and n if 
(12) 
wherekint = 211'/A; isthewavenumberoftheinternal wave. 
[If the mode couping is considered to be a quantum mechan-
ical phonon-soliton interaction, Eq. (12) is a statement of 
conservation of momentum. The corresponding statement 
of conservation of energy wint = w, - w m can be shown to 
correspond, macroscopically, to the Doppler shift which re-
sults from scattering from the moving internal wave.] For 
our numerica] model of internal wave packets with a wave-
length of235 m, the wavenumber of the spectrum peak of the 
internal wave kint :::::211'/235 = 0.026 737 0. Comparing this 
va1ue of kint with the eigenvalue differences between mode 1 
and mode n shown in Table I, it is found that kint is a1most 
equal to the eigenvalue difference between acoustic normal 
Six solitons 
l , 
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FIG. 16. The relative amplitudes of different modes at J 8 km, showing packet length resonance of mode coupling. PE input field: mode J. One packet 
beginning from J 5 km. I= 630 Hz. A., = 235 m. 
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modes 1 and 3. Thus one would expect a significant amount 
of .:nergy to be transfered from mode 1 to mode 3 (but not, 
say, to mode 2). Moreover, kint is also reasonably close to the 
differences between the eigenvalues of modes 3 and 4 and 
between modes 4 and 6, etc. Hence, one would expect some 
transfer of energy from mode 1 to mode 4 via mode 3, or 
from mode 1 to mode 6 via modes 3 and 4, and so on. These 
simple arguments explain why a significant amount of ener-
gy is transferred from mode 1 into higher-order modes, espe-
cially modes 3 and 4, and why and where the acoustic wave 
frequency and soliton wavelength resonances occur. 
The packet length resonance effect mentioned in Sec. IV 
is not so easily explained, and it is still not clear how to 
predict where it will occur. We present here a preliminary 
explanation for the phenomenon given by S. T. McDaniel. 36 
If the backscattered field is neglected, the equation govern-
ing mode coupling between mth and nth modes due to range 
dependence of the ocean environment, can be expressed as 
[see Eq. ( 14) in Ref. 37 for notation] 
du 1 - -
d; = 2 L Mnm Um exp[ i(km - kn )r]. (13) 
Let a resonant coupling condition be 
Mnm = - 2KL exp[- i(km - kn )r] (14) 
and Mmn = - Mnm. We consider only two modes, modes 1 
and m, which are assumed to satisfy the resonant coupling 




d2ul.m 2 17 ---;;;;:-- + K Lul.m = 0. ( ) 
If all of the energy is assumed to be initially in the first 
mode (u 1 = 1 and um = 0) the solution to Eq. ( 17) is 
u 1 = cos ( K L r) , ( 1 8 ) 
Um = sin(KLr). (19) 
Equation ( 19) predicts that the magnitude of the excit-
ed higher-order modes will be periodic with range. The reso-
nant coupling parameter KL determines for what packet 
lengths um has a maximum value (or u 1 has a minimum 
value). From Eq. (19), the packet length "resonance" will 
occur when KLLP = (n + 1/2)1T. From the first packet 
length resonance in Fig. 15(a), we have KLLP = KL 
X 235 X 6 = 1T/2 and K L = 1.11/km; from the second 
resonance length, we have KLLp = KL X 235 X 17 = 31T/2 
and KL = 1.18/km. The two values obtained for KLare a} .• 
most the same. The agreement is q~ite satisfactory consider~ 
ing that the mode coupling occurred between more than just 
two modes (modes 1 and 3) and K L would bt- changed with 
the coupling strength. The mode coupling is a periodic (res .. 
onance) function of the internal wave packet length, and, 
hence, acoustic transmission loss at long-range must vary 
with the packet length. It is shown that the "resonancelike" 
2053 J. Acoust. Soc. Am., Vol. 90, No. 4, Pt. , . October , 99, 
behavior of transmission loss predicted by the PE analysis in 
this paper is consistent with mode coupling theory. 
VI. CONCLUSION 
In summary, ( 1) we have briefly reviewed the charac-
teristics of naturally occurring internal wave packets in the 
coastal zone which differ in many respects from open sea 
internal waves. We demonstrate that such internal wave 
packets can have a strong influence on low-frequency long-
range sound propagation in shallow water. ( 2) The mea-
sured frequency response of sound propagation during the 
summer is often a strong function of both time and propaga-
tion direction, sometimes the sound propagation has an ab-
normally large attenuation over some frequency range. ( 3) 
Numerical calculations have shown that the interaction be-
tween the acoustic waves and internal wave packets and par-
ticularly resonance effects in the acoustic mode-coupling in-
duced by internal wave packets could be an important loss 
mechanism for shallow-water sound propagation in the 
summer. Modal coupling induced by internal waves could 
explain the anomalous acoustic experimental results. ( 4) 
The fact that the acoustic mode-coupling induced by inter-
nal wave packets exhibits frequency, soliton wavelength, and 
packet length resonances [and perhaps existence of the 
Doppler shift alluded to in Sec. V, as well] suggest that low-
frequency acoustic measurements could be used for remote 
monitoring of internal wave activity and extracting of hy-
drological and meteorological characteristics of the water 
mass in the coastal zone. 
The analysis and numerical calculations presented here 
are based on a simplified oceanic model. Although the sim-
plification should not alter the qualitative results presented, 
a more refined model would be desirable for a more detailed 
comparison with observations. It is, of course, also possible 
that some seabottom structure (for example, a surficial layer 
of low speed), mode-coupling due to the seabed roughness 
or sediment inhomogeneities and fish shoals could also pro~ 
duce an extra acoustic attenuation over some frequency 
range. It would thus be desirable for the acoustic, marine 
geology and geophysics communities including remote-
sensing groups to work together to conduct joint at-sea ex-
periments at a specific sea area. If data on internal wave 
activity (solitary or random), seabottom parameters, and 
sound propagation were obtained simultaneously and sys-
tematically, our understanding of the interaction between 
internal waves and sound waves in the coastal zone and low 
frequency acoustic propagation loss in shallow water would 
be greatly enhanced. 
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Introduction 
Strong bottom interaction, variable media and multi-
path propagation make shallow water acoustics very chal-
lenging. One of unexplained phenomenon for shallow wa-
ter sound propagation, in the contrast with the so-called 
the optimum propagation frequency, is that high acoustic 
propagation loss over some frequency range is frequently 
reported1-3. Weston attributes such a phenomenon to fish 
activities1. In some case it is associated with sediment shear-
wave resonances within the layer of sediment2. Fig. 1 shows 
a frequency response for shallQ,f'-water sound propagation 
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2) in the Yellow Sea off China, obtained by Zhou and his /.~ 
group at the IAAS3. Around 600 Hz and above 1100 Hz : I"~ . 
' "" the transmission loss is abnormally large. Several years of ' .....-· _ 
observations, all made in August at the same area with a .. 
similar strong thermocline, have shown that the frequency 
responses of sound propagation is often a strong function •/ 
of both time and propagation direction. The variability of I _. ·-_ 
the high loss frequency range and the apparent anisotropic 
characteristics of sound propagation occur with no obvious 
explanation in terms of fish swim bladder resonance. For the 
strong thermocline shown in Fig. 2, if both sound source and Z 
receiver are located beneath the thermocline, the sea surface 
influence on the long-range sound field(or lower modes) is 
negligible. While it might be possible that one could use the 
Weston fish model(or some other model) to quantitatively 
match the experimental data, we consider the possibility 
that the acoustic normal-mode conversion caused by inter-
nal soliton or bottom relief packets may also explain the 
data. 
Ocean models 
1. Internal soliton packet3. Our numerical results 
have shown3 that the acoustic mode-eoupling induced by 
internal wave packets with a gated sine waveform (model I) 
exhibits frequency, soliton wavelength and packet lenith res-
. onances. The interaction between the acoustic waves and in-
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the observed anomalous propagation in the summer. Now . 
we extend the model to consider the influence of the charac- 1 
teristic properties of more realistic oceanic soliton packets. 
Solitons in shallow water (hj >..i < < 1) are described 
to first order in wave amplitude by the Korteweg-de Vries 
(KdV) equation: At + CoAr + tLAAr + 6Azzr = 0 . A so-
lution to this equation is A(x- ct) = a • sech2(!7!- ). The 
density (temperature) profiles corresponded to Fig. 2 is very 
( reasonably described by a two-layer fluid model. The soli-
ton phase speed c and wavelength >..i (and scale parameter 
L) are then easy to obtain. When the initial solitary wave 
propagates, it often evolves more rank--ordered solitons and 
exhibits clear nonlinear features. Instead of the previous 1 
simple gated sine function, three packets with typical char-! 
acteristics of internal solitons are used: the classical sech2 
soliton shape which decreases in wavelength and amplitude ! 
toward the rear of the packet(Model II, shown in Fig. 2 ) . 
2. Bottom relief group. For simplicity, we assume 
that an undulating seabed can be expressed by a half sine · 
function, shown in Fig. 2(Model lll). 
Approach 
I The presence of internal soliton or bottom relief packets 
I 
1 makes the environmental parameters range dependent. The 
I parabolic equation (PE) model is used to numerically sim-
I ulate the effect of internal soliton packets or bottom relief 
groups on sound propagation in shallow water. We arbitrar-
ily put three packets of solitons or bottom relief located at 
5 km, 15 km and 25 km along propagation track. The PE 
method4- 5 is used to calculate the frequency response of 
acoustic transmission loss. When analyzing the characteris-
tics of acoustic mode--roupling, we put just a single group 
of solitons or bottom relief at 15 km and use the first nor-





(IFD). The acoustic field obtained using PE model is de- 1 .-: 
composed into the normal m~des. The results are compared I - · · 
with mode-coupling theory6 8 in order to improve our un-
1 
• : 
derstanding of how mode conversion acts to become an im-
iL portant mechanism of acoustic attenuation in shallow water. 
Results and discussion 
1. Similar to model I and model lli, internal wave . 
packets with the classic characteristic properties of soliton ~ 
could also cause abnormally large attenuation for acoustic ! 
propagation in shallow water. The differences between the 
results with and without the soliton packets is shown in Fig. 
1 by •••• 
2. The interaction of sound waves with soliton or bot-
tom relief group exhibits (signal) frequency, (radial inho-
rr.·-
mogeneity) wavelength and packet length resonances. As ! ' 
an example, the bottom relief wavelength and group length /-
resonances are shown in Fig. 3 (f = 630Hz, r = 30km). ~ • 
3. For a shallow water with a strong thermocline the 
apparent resonance interaction of sound waves with three 
ocean models could only occur under a specific circumstance: 
when the acoustic mode coupling caused by environmental 
parameter variation transfers a significant amount energy 
from lower mode into higher-order modes with much larger 
attenuation rate. For example, the PE field at 18km is de-
composed to normal modes with the results shown in Fig. • -
4 (f = 630Hz, r = 18km). Apparently, after the interaction . 
of the first mode with a packet at 15 km a significant amount 
energy has been coupled into higher-order modes. · .,.... 
4. The "resonacelike" behavior of transmission loss pre-
dicted by . the PE analysis is consistent with mode coupling 
theory. Significant energy transfer will occur between mode · 
m and n if kinh :::::: km- kn, here kinh is the wave number of 
the spectrum peak of the radial inhomogeneity. The mode : 
coupling is a periodic (resonance) function of the soliton (or [ 
relief) group length. i 
5. The main intention of this work is to show what 
would happen to sound propagation if soliton or bottom re- • 
lief packets are present, not to solve an inversion problem ' 
for internal waves or to determine sound propagation for : 
a specific area. It is expected that any abnormal attenua- ' 
tion for sound propagation in a real shallow water environ- : 
ment might be caused by any combination of several differ- ~ 
ent mechanisms, internal wave( or bottom relief) interaction , 
must be considered as one such mechanism. 
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Anomalous Sound Propagation in Shallow Water due to Internal Wave Solitons· 
Ji-Xun Zhou, Xue-Zhen Zhang and Peter H. Rogers 
(School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA) 
Dezhao Wang and Ensheng Luo 
(Institute of Acoustics, Academia Sinica, Beijing 100080, People's Republic of China) 
Abstract- At-sea experimental data and numeri-
cal simulation results will be given to show that, 
acoustic normal-mode coupling induced by inter-
nal solitons could be an important loss mechanism 
for shallow water sound propagation. 
1. INTRODUCTION 
Strong boundary interactions, multipath propaga-
tion and an amazingly complex waveguide environment 
make shallow water acoustics very challenging. In the 
summer, with warming of the surface water, the strong 
8J1d well defined thermoclines associated with internal 
waves occur very often for many coastal zones of the 
world. Under such circumstances the variability of the 
water column (due to the internal waves) and the strong 
bottom interaction (due to the negative gradient veloc-
ity profile) cause some sound propagation phenomena 
that have not been well understood. In this paper, one 
"Summer Effect", the acoustic mode--coupling attenua-
tion caused by solitary internal waves, is discussed. 
The geophysics, fluid mechanics and remote sens-
ing communities have investigated the mechanisms for 
the generation and propagation of internal waves in the 
coastal zone. Analysis of e.>.."tensive data has shown that 
these naturally occurring waves exhibit the properties of 
solitons. They are very different from deep sea inter-
nal waves. Unfortunately, no reported measurements of 
such solitary waves include simultaneous measurement 
of long-range sound propagation. Moreover, the acoustic 
community has paid little attention to possible effects 
of tidally generated internal soliton features on sound 
propagation in shallow water. 
Acoustic experiments have shown that the frequency 
response of sound propagation in the summer is often a 
strong function of time and propagation direction, and 
sometimes exhibits an abnormally large attenuation over 
some frequency range. This anomalous, anisotropic fre-
quency response can not be explained by conventional 
sound propagation models. Zhou, Zhang and Rogers 
have hypothesized a new possible attenuation mechanism 
• This work was supported by ONR, USA and the IAAS. 
to explain these results; acoustic normal mode coupling 
caused by internal waves1. In this paper, the numerical 
simulation of this mechanism is extended to more realis-
tic solitons with classic characteristic properties. Addi-
tional experimental data are offered to support the hy-
pothesis of a soliton scattering loss mechanism. 
11. AT-SEA ACOUSTIC EXPERlMENTS 
At-sea acoustic experiments were conducted by the 
IAAS Shallow Water Acoustics Group over a four-year 
period at the Yellow Sea. The sea bottom in the whole 
area is fiat without apparent layer structure. The mean 
grain diameter of the surficial sediment (A1d) is approxi-
mately 0.0492 mm; 38.9% is sand, 40.3% is silt and 20.8% 
is clay. The averaged ratio of the sediment and water 
sound speeds Cbottom/Cwater ~ 1.06. The bottom attenu-
ation o ~ 0.34 /1.84 dB/m/kHz. 
1) Strong Thermocline At the test area strong 
thermoclines with more than l0°C temperature differ-
ence are often present during the summer. Average sound 
velocity profiles obtained at t~e receiving ship location 
Sound Velocity ( ml• ) 
1t/'tl0 1,100 1,610 1,UO 1,530 1,640 1,660 
10 -E -
Fig. 1 Sound speed profiles. 
for 4 years are shown by solid lines in Fig. 1. For a 
fixed location, the thermocline depth changed with time 
and for a given depth close to the thermocline, the tem-
perature varied with time. This indicated the possible 
presence of solitary waves in the area1. 
2) Appc.,, ~~t Sound Signal fluctuation. Internal 
waves can result in acoustic signal fluctuation. Fig. 2 
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shows a set of experimental data. The source was an 
electrodynamic transducer fixed at 1 m above the sea 
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Fig. 2 442 Hz CW signal fluctuation. 
hydrophone array was located at 3 km away. The upper 
curve in Fig. 2 is sound pressure level in dB, obtained 
during a six hour period by a single hydrophone which 
was below the thermocline. The lower curve was ob-
tained by using the array as a normal mode filter for 
the first mode. For the single hydrophone, slow oscilla-
tions of up to 29 dB in level have been observed. For the 
first mode (which propagates principally below the ther-
mocline) there are no apparent slow fluctuations. The 
time scales of the slow fluctuations received by a single 
hydrophone possess the characteristics of internal waves. 
The fluctuations might be explained as the interference 
between different acoustic normal modes, some of which 
pass through internal waves . 
3} Transmission Loss with Strong Depth Depen-
dence Strong thermoclines such as those shown in Fig. 
1 separate the water column into two clear propagation 
• 
0.1 10 
Range ( km) 
Fig. 3 Strong source/receiver depth dependence for 10und propagation. 
channels. The main propagation channel is the lower 
part of the water column below the thermocline, where 
the sound speed is much lower. If both source and re-
ceiver are located below the thermocline, the acoustic 
transmission loss ( T Lbb ) is similar to that in a Pekeris 
shallow water waveguide. If a sound source and a receiver 
are separately located above and below the thermocline, 
the transmission loss T Lab would be much larger than 
T Lbb. Fig. 3 shows experimental data obtained in the 
summer. The strong thermocline in the area results in a 
very strong source/receiver depth dependence for sound 
propagation. 
.I) Unexplained Phenomenon : A great deal of 
acoustic data was collected over several years in the same 
area. The data included measurements of sound propaga-
tion, long-range reverberation, sound field spatial coher-
. ence and mode spatial filtering. Generally speaking, the 
experimental data fit theoretical prediction very wel12-4. 
However, one unexplained phenomenon is that an unusu-
ally high propagation loss is often observed over some 
frequency range. An example is shown in Fig .4. Both 
sound source and receiver 
-·-
Without packet -- - -
With 3 .OOton packet~ e e e 
Frequency ( Hz ) 
Fig. 4 Explosive signal power spectrum for shallow water sound prop-
agation in the summer which exhibits an abnormal high loss. Hypoth-
sized aoliton interaction model ( • • • ) can explain the experimental 
data (see Sec. IV). 
were below the thermocline. The difference between two 
power spectra is a measure of the sound transmission Joss 
(both sound source and receiver were below the thermo-
cline). Between 300 Hz and 1100 Hz (especially around 
600Hz), and above 1100Hz, we observed abnormal at-
tenuation. Four years' observation has shown that even 
along the same experimental track, with similar aver-
age sound-speed profiles the frequency. response of sound 
transmission, and the abnormal attenuation frequency 
range would often be very different in different years. In 
one experiment, during a spring tide period , the sound 
speed profile obtained at the receiving ship was similar 
to other years, but at a location 28 km away from the re-
ceiver, a sound speed profi]e shown by the dashed curve 
1-88 
in Fig. 1 was obtained. This implies that there was a 
strong horizontal gradient of the sound-speed profile in 
the area. We fixed the receiver ship, and kept transmis-
sion distance at 28 km, by moving the source ship along 
a quarter of circle. For six propagation directions (at 
18° intervals) in two hours we observed six different fre-
quency responses as shown in Fig. 5. (Both sound source 
and receiver were below the thermocline). At some 
E E E 
I I I 
I I 1 r 1 .. ,.. ID d ..... i 10 .. ...... T T 
liD-RID .... .... 
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Fig. 5 Acoustic transmission loss (T L) vs. propagation direction. 
frequencies, for different directions, the sound intensity 
varied as much as 25 dB ! However at the same place, 
in a different year, two orthogonal propagation direc-
tions were observed to have almost identical frequency 
responses. 
In summary, sound propagation in shallow water 
with a strong summer thermocline is often a strong func-
tion of time and propagation direction, and sometimes 
exhibits an abnormally large attenuation over some fre-
quency range. Abnormally high propagation loss in shal-
low water over a certain frequency range may be caused 
by the shear-wave resonance in the sediment layer5 or by 
the interface waves of the Stone]ey type at the sediment-
substrate interface6 . Our observations, however, must 
be attributed to an intermittent phenomenon which spe-
cially occurs in the summer. We hypothesize that an at-
tenuation mechanism based on the interaction of sound 
wave with internal solitons can e.>..-pla.in these observa-
tions. 
III. CLASSIC CHARACTERISTICS OF INTERNAL SOLITONS 
Some notable papers on soliton observation have 
been given in Ref. 1. The characteristic properties of 
internal solitons can be summarized as follows: 
1. Internal waves in the coastal zone are frequently 
observed in deterministic groups with weJI-defined wave-
lengths which can be described as internal solitary waves. 
These waves are usualJy observed in Summer when they 
are trapped in a strong and shallow seasonal thermocline. 
2. Solitons in shallow water are described to first or-
der in wave amplitude by the Korteweg-de Vries (KdV) 
equation. When the initial solitary wave propagates, it 
often evolves more rank-ordered solitons and exhibits 
clear nonlinear features: higher-than-linear group veloc-
ity, and decreases in wavelength, crest length and ampli-
tude toward the rear of the packet. 
S. The number of wave packets is highly correlated 
with the strength of the local tides: the maximum num-
ber occurs during spring tides. Whether or not they oc-
cur is critically dependent on the structure of the back-
ground shear and stratification profiles. 
4. Solitary wave packets propagate shoreward. 
5. Because of the shallowness of the thermocline 
and the large amplitude of the coastal internal waves, 
strong surface expressions of solitons have been observed 
with photographs and synthetic aperture radar(SAR) on 
satellites and space shuttles. 
'nme (min) 
Fig. 6 High frequency acoustic echoes from internal solitons (by Orr i) 
Fig. 6 is an excellent acoustic record of internal soli-
tons. It was obtained by Orr using high-frequency down-
looking sonar in the Massachusetts Bay7. 
IV. NUMERICAL SIMULATION OF SOUND PROPAGATION 
Using the parabolic equation propagation model8 t 
Zhou, Zhang and Rogers numerically simulated the in-
teraction of sound waves with internal solitons1. Due to 
the lack of data needed to construct a definite internal 
soliton model for the Yellow Sea, for simplification and 
to give a clear physical picture of the problem, it was 
assumed that the internal wave packets had a gated sine 
waveform. The numerical results showed that the inter-
action exhibits frequency resonance, soliton ":'lavelength 
resonance and packet ]ength resonance. Under resonance 
conditions, the acoustic mode-coupling induced by the 
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internal waves can transfer a significant amount of en-
ergy from lower modes to higher, lossier modes, and be-
come an important loss mechanism. Decomposing the 
PE sound field into normal modes, it has been shown 
that the resonance behavior is consistent with mode cou-
pling theory9- 11 . In this paper, the numerica.J simulation 
is extel)ded to include the classic characteristic properties 
of more _realistic ocean soliton packets: large amplitude, 
sech2 waveforms which decrease in wavelength and am-
plitude toward the rear of the packet. 
Internal solitons obey the KdV equation: 
An important solution to Eq. 1 is 
r-Ct 
A(r, t) = -a* sech2 (-L-) (2) 
The density profiles in the experimental area are well 
described by a tw<rlayer fluid model. The upper, warm 
layer is assumed to have depth h 1 and density p1 ; for 
the lower layer (below the thermocline) the respective 
quantities are h2 and f>2. A(r, t) is the interface (soliton) 
displacement between the two fluids. When P1 ~ P2 ~ p, 
the constant coefficients of Eq. 1 can be expressed as12 
3 h2- hl 
Jl ~ --[ ]Co 
2 hlh2 




The soliton phase speed C and the scale length L are 
(6) 
L2 = ~ hi h~ 
3 (h2- h1) a. 
(7) 
From density profiles in the experimental area, ~P = 
(p1 - P2) ~ 3.7, p ~ 1024.7 kgfm3 • H h1 =13m and 
h2 = 25m, then the linear wave speed Co ~ 0.55 mfs. 
Because we do not have enough data to construct a def-
inite soliton model for the Yellow Sea, we assume that 
each internal wave packet consists of seven solitons, and 
can be expressed as: 
Z = Zo + F(r) 




for lr- r~l .S 4La 
for other 
The amplitude and scale length of each soliton in a group 
are related to its speed by ( 6-7 ). The D.i are selected 
to match numerical results with experimental data. The 
a, are between 9 m and 1.3 m. The a resultant soliton 
packet waveform is shown in Fig. 7. It corresponds to a 
decrease in amplitude (from 9 m to 3 m) and wavelength 
(from 270 m to 145 m) toward the rear of the packet. 
Range (km) 
J4 1~6 16 1~6 18 1~6 17 1~6 
30 
40~--------------------------~ 
Fig. 7 Internal soliton model. 
The PE method is used to calculate the frequency 
response of acoustic transmission loss. Using the internal 
wave model of Fig. 7, we put three such soliton packets 
at 5, 15, and 25 km along sound propagation track. In 
this case , if both sound source and receiver are located 
below the thermocline, the numerical transmission loss 
at 28 km as a function of frequency shown (in Fig.4 by 
the circles) fits the experimental data very well. In order 
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Fig. 8 Mode coupling from mode 1 int.o higher-order n1odes. 
induced by internal solitons, we put a single packet like 
that of Fig. 7 at 15 km, and use the first normal mode 
alone as the initial input field to the PE code. Prior to 
interaction with the packet (or without the packet), only 
the first mode is present. After the interaction of the 
fist mode with the soliton packet, we decompose the PE 
ca1culated sound field into normal modes. Fig. 8 shows 
the relative modal amplitudes at 17 krn for 630 Hz. 
400Hz 
babble pui.e 
630Hz • fl ~'·w· * ~'"Jt f' ww· ' Jt1 f trfll ,w II 
bubble pulse 
800Hz • t~vu·~• • 
Fig. 9 Explosive propagation signal waveforms {1/3 Oct.) 
A significant amount of energy has been transferred 
from mode 1 into higher-order modes that will attenuate 
rapidly thereafter. Thus modal coupling due to internal 
waves can become important attenuation mechanism for 
summer sound propagation in the Yellow Sea. Fig. 9 is 
a set of 1/3 Oct. waveforms for explosive propagation 
signal received at 37 km. For 400 Hz or 800 Hz, one can 
distinguish a few different modes, such as mode 1, mode 
2 etc. But at 630Hz, the signal suffers significant spread-
ing in the time domain. It seems that many modes are 
inYolved, and it is hard to distinguish individual modes. 
The observed waveforms are in good agreement with our 
numerical prediction, and support the soliton scattering 
hypothesis. 
V. DISCUSSION AND CONCLUSION 
The numerical results have shown that internal wave 
packets with the classic characteristic properties of soli-
ton can significantly change the acoustic transmission 
loss. All of our earlier conclusions obtained for internal 
wave packets with a gated sine waveform1 are qualita-
tively validated here. The acoustic mode-coupling in-
duced by internal solitons could be an important attenu-
ation mechanism in shallow water with a strong summer 
thermocline. 
The required presence of a strong thermocline is 
key to understanding this new hypothesized mechanism 
for the Yellow Sea. As an example, for a summer sound 
speed profile , we have normal mode eigenfunctions for 
the first 8 modes shown in Fig. 10 (at 630 Hz). H both 
source and receiver are located below the thermocline, 
for higher frequencies and at long range, because of mode 
stripping the lower modes will dominate the sound field . 
The thermocline looks like upper boundary of the main 
channel. The acoustic transmission loss ( T Lbb ) is similar 
to that in a Pekeris shallow water waveguide. If a sound 
source is located above thermocline, and a receiver lo-
cated below the thermocline, mainly high-order modes 
with higher attenuation rates can be excited or received, 
transmission loss ( T Lab ) would be much larger than ( 
T Lbb ) . The experimental data for sound propagation 
in Fig. 3 clearly exhibit such characteristics. Resonant 
interaction of sound waves with internal solitons1 causes 
acoustic mode-coupling which can transfer a significant 
amount energy from lower modes to higher modes, i.e., 
change the transmission loss from TLbb to TLab· 
2 7 • 
e 
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Fig. 10 Normal mode function for strong thermocline {630Hz) . 
Based on his early observations in the Bristol Chan-
nel, Weston 13 has claimed that internal wave scattering 
''results in fluctuation rather than attenuation", and hy-
pothesized that the abnormal sound attenuation in the 
Yellow Sea discussed in Section II is caused by fish ab-
sorption and scattering. It is well accepted that the in-
ternal wave scattering results in fluctuation (see our re-
sults shown in Fig. 2.) Although fish absorption and 
scattering are acceptable, in general, as an acoustic loss 
mechanism, it is not necessarily correct here. The main 
problem is that Weston overlooks the big difference in 
the sound speed profiles between the Yellow Sea and 
the Bristol Channel. In the Bristol Channel the thermo-
dine is very wea.k, the temperature difference between 
the surface and bottom never exceeds half centigrade de-
gree at any time of year. Unlike the Yellow Sea in the 
summer where there are two propagation channels, the 
Bristol Channel is basically similar to a Pekeris shallow 
water waveguide. For the frequency ra.nge we are inter-
e;ted, lower modes would propagate over the whole water 
column. This is very different from the situation in the 
Yellow Sea. In the Yellow Sea the lower modes basically 
propagate below the thermocline (see Fig. 10), a.nd the 
sea surface effects are negligible. The difference of attenu-
ation rates between ]ower modes and higher modes in the 
Bristol Channel would not be as large as in the Yellow Sea 
(see [1 ]). The transmission loss in the Bristol Channel 
would not have as strong source/receiver depth depen-
dence as the Yellow Sea shown in Fig. 3. Thus, if there 
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were the acoustic mode-coupling induced by internal soli-
tons in the Bristol Channel, it would have very different 
characte~istics from that for the Yellow Sea. Moreover, 
the observed frequency responses of sound propagation 
in the Yellow sea (such as in Fig.4 & Fig. 5) do not 
exhibit the classic characteristics, associated with swim-
bladder resonance. For example, in Fig.4 the abnormal 
attenuation not only occurs between 300 Hz and 1100 
Hz, but" also above 1100 Hz. The frequency responses 
in Fig. 5 were obtained from a very small area in two 
hours, which are very different along six different prop-
agation direction. The experimental area is not a fish-
ing ground. It is very hard to believe that there were so 
many fish producing such different effects on sound prop-
agation. Fig. 11 shows average power spectra obtained 
from several explosive signals. These data contradict the 
fish attenuation hypothesis for the Yellow Sea case. The 
hydrophone was located below the thermocline. E:>..l>lo-
sive sources were detonated separately at 6 m and 25m. 
At a distance of 28 km, we obtained two curves which 
correspond T Lbb (the same as Fig. Sf) and T Lab· If fish 
absorption and 
R = 0.8 ltm 
Frequency ( Hz ) 
Fig. 11 T L VS. detonation depth of the expl06ive source. 
scattering caused the large attenuation for T Lbb (i.e., for 
lower modes) between 300 Hz and 1600 Hz (especially 
around 800Hz), it should have similar effect on TLab (for 
higher-order modes) in same frequency range. But this 
did not happen; the experimental data do not support 
the fish hypothesis. The case is much stronger for solitons 
in the present application. 
Internal solitons can significantly influence oceanic 
current measurements, undersea navigation and antisub-
marine warfare operation. Knowledge of internal wave 
behavior is necessary for the design of offshore produc-
tion facilities. The resonant acoustic mode-coupling in-
duced by internal soliton packets suggests that the low 
1-92 
frequency acoustic measurements could be used for re-
mote monitoring internal wave activity and for extracting 
hydrological characteristics of the water column in the 
coastal zone. In order to fully prove soliton loss mecha-
nism, and to enhance our understanding ~f interaction of 
sound waves with internal solitons, it would be desirable 
for the acoustic, geophysics and marine biologic commu-
nities including remote-sensing groups to conduct joint 
at-sea experiments. 
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Modal Characteristics of Acoustic Signal Fluctuations Induced by 
Shallow Water Internal Waves • 
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Abstract - Measured internal waves from the 
Yellow Sea and the Massachusetts Bay are used 
as inputs into numerical simulation on acoustic 
fluctuations. It is shown that the fluctuations in-
duced by large amplitude shallow-water internal 
waves strongly depend on receiver depth and dis-
tance, and exhibit anisotropy. Different acous-
tic modes have different sensitivities to internal 
waves. Both acoustic intensity and phase fluctua-
tion spectra are different from the shallow-water 
IW spectrum, and become much broader. Individ-
ual acoustic mode fluctuations directly and clearly 
correspond to the characteristics of IW s. For shal-
low water with a strong thermocline, there is a 
group of acoustic modes, arrival time variation of 
which is more sensitive to IW s than others. Ar-
rival time of the first mode is most stable. 
I. INTRODUCTION 
The shallow water acoustic environment is charac-
terized by extreme variability. One of the causes in water 
column variability is the existence of internal waves. In 
genera), IWs have often been observed with a very dif-
ferent character in sha1low water versus deep water. The 
broadband Garrett-Munk spectrum of IWs describes only 
the background fraction of the IW spectral density, which 
decreases monotonicalJy as the frequency increases. The 
spectral density of shallow water IWs, measured within 
the season thermocline, exceeds the GM spectrum level 
over the whole frequency range and, almost always, ex-
hibits peaks a.nd plateaus at high frequencies. In these 
particular frequency ranges, IW s show a significant inter-
mittence, high amplitudes, quasi-sinusoidal behavior in 
both time and space domains, and a narrow bandwidth, 
cllaracterized by large-amplitude soliton packets. [1-4] 
In recent years, acoustic interactions with IWs in 
shallow water have attracted increasing interest in shal-
low water acoustics[3-18). It has been shown that the 
resonant mode-coupling between the lower-order acoustic 
modes and the very lossy, higher-order modes, induced 
• '~ ? 
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by shallow-water internal waves (no matter whether they 
are linear or nonlinear), could be a potentially important 
loss mechanism for summer sound propagation in some 
shallow water areas. It was hypothesized that an IW 
caused anomalous, anisotropic transmission loss observed 
in acoustic data taken in the Yellow Sea[3,6). The mode-
coupling hypothesis has been analytically tested a.nd SUJr 
ported by King et al.[7,8], Chin-Bing et al.[9], and Broad-
head and Ali[10]. Using a horizontal hydrophone array, 
Rubenstein and Brill [11) and Shme)erv et al. '[12] exam-
ined internal wave induced phase front curvature in shal-
low water. Bondar' et al.[13-14] a.nd Borisov et al.[1,18] 
measured intensity and phase fluctuation of low-frequency 
acoustic signals along stationary tracks in shallow water. 
Lynch et al. a.nd Traykovski used modal and ray based 
techniques to study acoustic travel-time fluctuations due 
to shallow water internal waves (5,16}. Tielbuerger et al. 
analyzed sound field intensity fluctuations (the scintilla-
tion index) in a stochastic shallow water, caused by broad-
band IWs plus large-amplitude solitary waves[17] . 
In this paper, we will discuss acoustic signal fluc-
tuation caused by shallow water IWs. Special attention 
will be given to the analysis of the modal characteristics 
of acoustic interactions with internal waves, i.e., acoustic 
modal sensitivity to internal waves. Analyses of individ-
ual acoustic mode interactions with internal waves should 
permit both a qualitative and quantitative understanding 
of the effects of internal waves on multirnode signal fluc-
tuations. In Sec. I, a set of Yellow Sea experimental data 
is introduced. Then, measured IWs in the Yellow Sea are 
used as input parameters to simulate IW- caused acoustic 
fluctuations, a.nd to explain the observed signal fluctua-
tion characteristics. In Sec. II, a typica.l internal soliton 
packet, measured by Orr in the Massachusetts Bay [19], 
will be used to analyze the effects of large amplitude IW s 
on acoustic fluctuations in shallow water. Intensity and 
phase fluctuations of both multi path signal and individual 
modes, as well as their spectra, will be analyzed. 
D. ACOUSTIC SIGNAL FLUCTUATIONS 
DUE TO SHALLOW WATER INTERNAL WAVFS 
I 
cnc}.(/3) 






Fig. 1442Hz CW signal fluctuations in the Yellow Sea. 
It is well known that internal waves can result in 
acoustic signal fluctuations. Due to the nonlinear large 
amplitude characteristics of shallow water interna1 waves, 
low-frequency acoustic intensity variations, caused by in-
ternal waves in shallow water, often reach 20 dB [11,13]. 
Figure 1 shows a set of signal fluctuation data ob-
tained in August 1981 in the Yellow Sea with a water 
depth of 36.5 m. The upper curve is a multimode signal 
obtained at a single hydrophone which was located be-
low the thermocline (RD=25.5m). The ]ower curve was 
obtained by using an array in a whole water column as a 
norma] mode filter for the first mode. Both were obtained 
from a fixed 442Hz CW source which was located 3 km 
away (SD=35.5m). For the single hydrophone, slow os-
ci1lations of up to 28 dB in level are observed, which are 
similar to other observations [11, 13]. For the first mode, 
however, there are no comparable slow fluctuations. In 
the next section, we will show that these characteristics 
can be explained by internal wave interactions. 
B. Numerical Simulation 
In July 1993, a research group at the Institute of 
Acoustic, the Chinese Academy of Sciences measured in-
ternal wave field in the Yel1ow Sea (20] . Fig. 2 shows 
a set of IW s recorded at a site which is dose to where 
the acoustic fluctuation data shown in Fig. 1 were ob-
tained. Unfortunately, due to ]ow-pass filtering and time 
averaging, important high frequency characteristics of the 
internal waves are not present, and direction&] informa-
tion is unavailable. 
We use Fig. 2 to calculate the internal wave induced 
signal fluctuations. Locally, we assume the internal waves 
to be plane wave. A sound wave of 442 Hz propagates per-
pendicularly 'to the IW propagation direction. For com-
paring with the measurement shown in Fig. 1, we assume 
that over a range of 3 km, all SVPs between the source 
and the receiver vary simultaneously as the internal wave 
time series shown in Fig. 2. Using these SVP time series 
in a two-dimensional (2-D) adiabatic norma] mode model, 
we get the intensity fluctuations for a multimode signal 
and the first mode shown in Fig. 3. (This 2-D treatment 
that horizon\.c1;~- refraction and azimuthal scattering of 
2 
sound are negligible.) 
The numerical results show that the multimode sig-
nal has slow, strong fluctuations ( maximum variation up 
to 28 dB), but the intensity of the first mode (dash line) 
remains almost constant. The numerical results of the 
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Fig. 3 Numerical results on sound fluctuations due to IWs; 
sound wave propagates parallel to IW fronts. 
first six hours are very similar to the experimental data 
shown in Fig. 1. This is just a coincidence. 
In Fig. 4, we repeat the above computations but 
the sound waves propagate parallel to the IW propaga-
tion direction. Assuming that the internal wave speed is 
0.55 m/ s and using a PE code, we calculate sound in-
tensity fluctuations. The results indicate that the inten-
sity fluctuations are smaller than in the case when sound 
propagates parallel to IW fronts. That is, acoustic sig-
nal fluctuations, induced by shallow water IWs, should 
exhibit strong horizontal a.nisotropies. Acoustic signal in-
tensity fluctuations, simultaneously measured in different 
directions, might offer some information about the inter-
nal wave propagation direction in shallow water. 
F-442(Hz) I0-36.5(m) RD-25.5(m) Ra3(1cm) 
-40 




0 2 7 • 
~ 
. ,ooel..--......L.--,..olo..o--....1., ---':,2:----:-l,3::----:",':-• ----:,~5----:,6. 
Tm. ( tbll 
Fig. 4 Numerical results on sound fluctuations due to IWs; 
sound wave propagates perpendicularly to IW fronts. 
C. A group of acoustic modes sensitive to internal 
waves 
Both observed data and numerical results show that 
during the Summer in the Yellow Sea, the intensity of the 
first acoustic mode (below the thermocline) was rather 
stable. The following numerical simulation will further 
explain this result. 
At different times during the 1981 experimental pe-
riod , four sound velocity profiles were obtained at the 
receiver location (shown in Fig. 5a). The change in ther-
mocline depth due to internal waves is readily apparent. 
Using these SVPs and a normal mode code, we calculate 
group velocity and attenuation rate for different normal 
modes. The results are shown in Fig. 5b and 5c. It is 
found that different normal modes can have very different 
sensitivities to internal waves. The fourth mode is much 
more sensitive to the internal-wave induced variations in 















Fig. 5 Modal sensitivity to the change in thermocline depth 
due to internal waves. 
to the internal waves that sound intensity remained nearly 
constant. The multimode signal is composed of different 
modes, some of which have strong interaction with inter-
nal waves. If several modes have comparable contribu-
tions to the total field, the multimode interference would 
cause large fluctuations. 
Fig. 5 shows an interesting phenomenon. For a given 
frequency, in shallow water with a strong thermocline 
such as in the Yellow Sea, acoustic normal modes can be 
eeparated into three different categories: (1) lower-order 
modes (group A) that mainly propagate in the lower part 
of the water column below the thermocline; (2) higher-
order modes (group C) that propagate in a whole water 
column; (3) between group A and group C, there is a spe-
cial group of modes (group B) that propagates in a whole 
water column, but its propagation path of the equivalent 
mode-ray in the warm part of the water column (above 
the thermocline) is much longer than in the cool part of 
the water column. They also arrive at the receiver from 
a distant sound source first. So as far as arrival time is 
concerned, the first mode is most insensitive to internal 
waves. With the increase of mode order, acoustic normal 
mode becomes more sensitive. The group B is most sensi-
tive. Thereafter, modes of group C become less sensitive. 
UI. A CASE ANALYSIS- THE EFFECTS OF LARGE-AMPLITUDE 
IWs ON ACOUSTIC FLUCTUATIONS 
A. Internal soliton model 
Large-amplitude solitary IWs are often observed in 
shallow water. Fig. 1 of [3] shows a very large amplitude 
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Fig. 6 Large amplitude solitary IWs in the Massachusetts Bay 
was obtained by Orr in the Massachusetts Bay [19]. Based 
on the measured density-depth profile data and the exper-
imental ship velocity [21], we obtained the approximate 
internal wave time series shown in Fig. 6. The internal 
wave period is about 6 to 7 minutes. 
Assuming that the sound wave of 200 Hz propagates 
perpendicularly to the IW packet propagation direction, 
we use a 2-D IW mode) to calculate fluctuations for multi-
path signals and individual modes (as we did in Sec. 2.2, 
using a 2-D model of the adiabatic normal mode). 
B. Multimode sound fluctuations 
Numerical simulations show that multimode sound 
intensity /phase fluctuations strongly depend on propaga-
tion distance and receiver depth. Fig. 7 and Fig. 8 show 
multimode sound intensity and phase fluctuations at 5 
km for three different receiver depths (RD=6, 30, 60m). 
Sound intensity and phase fluctuation spectra at 5 km for 
three different depths are shown in Fig. 9 and Fig. 10. 
(For both intensity and phase spectra, DC or quasi-DC 
components have been deleted before :t'J.:;·i·. :>rocessing.) 
Fig. 9 and Fig. 10 show that both acoustic intensity and 
phase fluctuation spectra are very different from Orr's 
large-amplitude IW narrow band spectrum, and become 
much wider. At some receiver distance/depth, acoustic 
fluctuation spectra have a peak wave number which cor-
responds to the internal soliton spectrum. However, in 
general, the numerical results obtained from this special 
case show that acoustic fluctuation spectra in shallow wa-
ter are different from internal wave spectra. 
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Fig. 7 Multimode acoustic intensity fluctuations. 
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Fig. 8 Multimode acoustic phase fluctuations. 
C. Individual mode signal fluctuations 
Fig. 11 and Fig. 12 show separately the intensity and 
phase fluctuations of individua] acoustic modes (caused 
by Orr's soliton packet) at three different receiver depths 
{6, 30, 60rn). Apparent]y, individual mode signa] fluctua-
tions direct]y and clearly correspond to the characteristics 
of the interna] wave packet. Intensity and phase fluctu-
ation spectra of an individua] mode are shown Ul Fig. 













Fig. 10 Multimode signal phase fluctuation spectra. 
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Fig. 11 Individual mode intensity fluctuations. 
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Fig. 12 Individual mode phase fluctuations. 
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Fig. 14 Individual mode phase fluctuation spectra. 
D. Amval time fluctuations 
Figure 15 shows arrival time fluctuations at 4 km for 
the first six normal modes, caused by the large-amplitude 
IWs shown in Fig. 6. It is shown that the lower modes 
are insensitive to the presence of the internal wave packet, 
but higher modes are very sensitive. Even with such large 
amplitude solitons (with an amplitude more than 1/3 of 
the water depth) , the first mode arrival time is rather 
stable. 
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Fig. 15 Arrival time fluctuations for the first 6 normal modes. 
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E. Horizontal anisotropies of acoustic fluctuations 
In order to show horizontal anisotropies of acoustic 
fluctuations, induced by large amplitude solitons, we as--
sume that a receiver/source pair is separated 5km. Let 
the nonlinear soliton paclcet shown in Fig. 6 (whole packet 
length is about 1.3km) pass between them with an aver-
age speed of 0.70 m/ s. That is, the internal wave packet 
propagates parallel to the sound propagation direction. 
Acoustic intensity fluctuations at 5km, obtained from the 
PE code, are shown in Fig. 16. The numerical results are 
~-~ l 
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Fig. 16 Sound intensity fluctuations due to a moving 






Fig. 17 Sound intensity spectra obtained from Fig. 16. 
very different from that shown in Fig. 7 for a case where 
the IW p~.c~~~t propagates perpendicularly to the sound 
propagation direction. Sound intensity fluctuations at 
depths of 30m and 60rn are much smaller than those at 
6rn. The intensity fluctuation spectra obtained from Fig. 
16 are shown in Fig. 17. Although fluctuation spectra at 
three depths are different from the internal soliton spec-
trum (become much broader), all of them exhibit a peak 
at a place which corresponds to the peak of Orr's soliton 
spectrum. 
IV. SUMMARY AND DISCUSSION 
Acoustic signal fluctuations due to shallow water IWs 
have been discussed. Measured internal wave profiles 
from the Yellow Sea and the Ma.ssa.chusetts Bay are used 
as inputs to numerical modeling. It is shown that in-
ternal wave induced low-frequency signal fluctuations in 
shallow water often reach 20 dB, and are strongly depen-
dent on source/receiver depths, transmission distance a.nd 
sound propagation direction. Generally speaking, multi-
mode acoustic signal fluctuation spectra, caused by large-
amplitude IWs, a.nd are different from the internal wave 
spectra, and are much broader. Individual mode fluc-
tuations directly correspond to the characteristics of the 
internal waves, a.nd hence acoustic fluctuation spectra are 
very similar to the JW spectra. Certain acoustic modes 
are more sensitive to IW effects than others. Arrival time 
fluctuations, for example, are strongly mode dependent. 
In shallow water with a strong thermocline, the first mode 
has been found to be the most stable. These results might 
be useful for monitoring IW activities in shallow water. 
For the sake of simplicity, our numerical simulations 
are based on very simple two dimensional, deterministic 
IW models. It assumes that the characteristic length of 
the IW field is always larger than the first Fresnel zone. 
This restricts the results to relatively short ranges and 
higher frequencies. The 2-D treatment also assumes that 
horizontal refraction and azimuthal scattering of sound 
are negligible. A 3-D acoustic/internal wave model would 
be desirable. 
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SHALLOW-WATER ACOUSTIC REVERBERATION AND ITS INVERSE PROBLEM 
J. X. Zhou and X. Z. Zhang 
(School of Mechanical Engineering, Georgia Institute of Technology) 
In this paper, we will discuss some problems involving long-range reverberation in 
shallow water. The title of the paper is " Shallow-water acoustic reverberation and its 
inverse problem ". 
Fig. 1 
First, we discuss motivations of the research. Then, we would like to introduce an an-
gular power spectrum method for calculating sound propagation, reverberation and their 
spatial coherence in shallow water. In part III, simple solutions for sound propagation, 
reverberation and echo to reverberation ratio will be given for four typical cases such as a 
Pekeris model, a wedged shallow water, a linear negative gradient layer and a strong ther-
mocline shallow water. Part IV shows some at-sea reverberation data, including average 
reverberation intensity and vertical cross-correlation. In the last part, as an inverse prob-
lem of shallow water reverberation, we will give some preliminary results on the bottom 
reflectivity and bottom scattering at small grazing angels and low frequencies, obtained 
from reverberation measurements. 
I. INTRODUCTION 
Now computational ocean acoustics is significantly affecting the way we do research. 
Only the numerical approach allows us to include the full complexity of the acoustic prob-
lem. However, the seabed dominates shallow water acoustics problems. Sea bottom proper-
ties and bottom scattering mechanisms are usually poorly known. The detailed interference 
1 
[t) c /. (c) 
pattern, the find structure of sound field, is not always physical meaningful to engineering 
applications. A simple analytical expression averaged over frequency or space, sometimes, 
could give better insight to some physical problems. 
Let me show three Figures to ask some questions: 
Fig. 2 
Fig. 2 is a typical 1/3 Oct. reverberation decay curve received by a single hydrophone 
from a single explosive signal in a Pekeris model with a water depth of 29 meters. It carries 
definite information about bottom forward reflection (two-way propagation) and bottom 
scattering (reverberation). An echo shows that a small island is far away from a receiver 
about 600 times of water depth. Due to normal mode stripping, even at a shorter distance 
A shown on the reverberation curve, the effective grazing angle for sound propagation 
interacting with bottom is about 2 or 3 degree. Can we extract bottom scat~ering strength 
and bottom reflectivity at such small angels from this reverberation data? 
Fig. 3 
Fig. 3 shows two situation involving sonar detection of submarines in two typical 
continental area. If two submarines have identical sonar system, the target strength of 
two submarines is same, which one is at the favorable position and will get the large echo-
reverberation ratio? How much larger will it be? What depth of source dropped from a 
helicopter will yield the best echo-reverberation ratio for the negative gradient condition? 
Fig. 4 
2 
Fig. 4 is copied from Urick's book, showing Echo, noise and reverberation as functions 
of range. Echo to reverberation ratio is a decreasing function with increasing range. But, 
in another paper, he reported "a peculiarity sometimes observed with echo-ranging sonars 
in shallow water: an echo-to-reverberation ratio remains nearly constant, or even increases 
somewhat, with increasing range or time."(JASA 48, 1970). According to this observation, 
the reverberation interference would not be a problem for sonar detection in shallow water. 
How to explain these phenomena ? 
In this talk, we would like to give some answers to above-mentioned questions. First, 
we would like to introduce an "angular power spectrum method" for calculating shallow 
water reverberation. 
II. ANGULAR POWER SPECTRUM METHOD 
Fig. 5 
In shallow water, the velocity potential due to a point source can be expressed as a 
sum of normal modes (see Eq.l in Fig. 5), the sound field intensity can be expressed by 
Eq.4. If we are interested in average field characters only, do not care the fine structure, 
i.e., the sound field characters are averaged over a given frequency or space, then the second 
interference term of Eq.(4) can be neglected. We have Eq. 5 for average sound intensity. 
Fig. 6 
According to the W.K.B approximation solution of the wave equation, the depth 
distribution of normal mode has the form expressed by Eq.6 in Fig. 6. The angle of 
equivalent. mode-rays and the eigenvalue of the lth mode has a relationships as Eq.7. The 
3 
attenuation coefficient of the lth mode can be expressed by Eq. 8. The cycle distance of 
the equivalent mode-ray, sl can be expressed as Eq. 9. Where IVb,.,(9)1 is the reflection 
coefficient of a plan wave with grazing angle 9 at the boundary. For higher frequencies 
·(kH >> 1), the beam displacement on bottom reflection is negligible because of 6, << Sz. 
~l, '1l are the upper and lower reflection (or turning) depth of equivalent mode-rays. E~ 
and t:,, are the phase shift due to the reflection or turning at ~~ and fll· 
Fig. 7 
Using a smooth envelope E(z) of WKB solution to present the energy depth distri-
bution of normal modes (see Fig. 7), neglecting the energy in the exponential decay area, 
then using a differential relation for a definite integral shown Eq. 11 and changing the 
summation of eq.(10) into a integral with respect to 9, we get a general expression for 
average field intensity in shallow water expressed by Eq. 12. 
Fig. 8 
We call laps as "the angular power spectrum of average sound field". This expression 
is exactly same as the result obtained by Brekhovskikh (normal mode method), Smith 
(statistic ray method) or Weston (energy flux method). It is a very interesting expression. 
The average sound intensity in shallow water only depends on two simple parameters which 
have very clear and intuitive physical meaning: the bottom reflection coefficient V(9b) and 
the (sound velocity controlled) cycle distance of mode-ray. For some typical sound velocity 
profiles in shallow water, computations are very simple. Here the "mode-rays" are different 
from the conventional geometric rays that have definite propagation paths in the space. 
According to Guthrie and Tindle, a mode-ray, i.e., eigenray of a normal mode, obey same 
4 
Snell law: k(z)cosO(z) = k(zo)cosf}z(zo) = kl. They are fuzzy everywhere in the 
space. The interference of adjacent many modes forms a physical ray with limited width, 
and converges to a geometric ray at high frequency. 
Except the geometric cylindrical spreading loss ( Jfr) and water medium absorption, 
the action of sound velocity and sea bottom to shallow water sound propagation looks like 
a angle filter. 
( 2 ) Average shallow water reverberation 
Fig. 9 
For the angular power spectrum method, the average field intensity is calculated by 
summing up the power spectrum of plane waves for all normal modes propagating in 
different directions. 
The classic bottom scattering coefficient is expressed as a function of the incident 
and scattering angles. Therefore, this method link the transmission process naturally with 
the boundary scattering in the angle domain. Up-going and down-going local plan waves, 
decomposed from a mode, have equal grazing angle and (almost) equal energy at any depth 
in the water column. For bottom reverberation computation only down-going one should 
be treated as the incident wave. 
For a given signal duration r, there are a lot of bottom scattering signals that simul-
taneously return to a receiver. The bottom scattering looks like a stochastic filter. The 
scattering field can be treated as a angle-weighted process. The calculation for average 
shallow water reverberation, and a network analogy are given in Fig. 9. 
Where laps((), r, H; zo) is the angular power spectrum incident nearby bottom (H) 
at ,?~ distance of r when a source is at a depth of zo; laps(c/J, r, z; H) is the angular power 
5 
spectrum returned to a receiver at a depth of z, scattering from a bottom area at a distance 
of r. We call Rap~(l/>, r, z; H) as the angular spectrum of average reverberation. 
( 3 ) Spatial coherence in shallow water 
If we know a power spectrum of a random signal, it is easy to calculate its correla-
tion coefficient. Acoustic field spatial correlation and the signal angular power spectrum 
have a relationship that similar to Fourial transformation. Thus, the normalized vertical 
correlation coefficient p of sound propagation in shallow can be expressed by Eq.16 in Fig. 
10: 
Fig. 10 
For reverberation coherence, we just use reverberation angular spectrum Ra~p to re-
place sound propagation angular spectrum. Where d is a separation between two hy-
drophones. For the longitudinal correlation coefficient, what we need to do is to change 
sinO into cosO. 
In network theory, many signal processing problems become much simpler when they 
are changed from time domain into frequency domain. Based on the \VKB approximation 
solution of the wave equation, and with the concept of the average angular power spectrum, 
some calculations for sound propagation, reverberation and their coherences are very simple 
and intuitive. Next, we would like to briefly give some results on range/depth dependences 
of average sound intensity, long-range reverberation and echo to reverberation ratio for four 
typical shallow water cases. 
III. RANGE/DEPTH DEPENDENCE OF SOUND INTENSITY 
and ECHO TO REVERBERATION RATIO 
6 
( 3.1 ) Bottom model 
Fig. 11 
First, we need a sea bottom model. For most seabeds, the reflection coefficient can 
approximately expressed by Eq. 17. Where 8c is a critical angle. For small grazing angles, 
even if the bottom roughness and sediment inhomogeneity are considered, it is still a good 
approximation. 
For the bottom backward scattering coefficient at low grazing angles and low frequen-
cies, unfortunately, there is no general expression. It could be very complex function of 
bottom surface roughness, sediment type, inhomogeneity, frequency and so on. Here we 
introduce a phenomenological separable expression as Eq. 18. It has an arbitrary angle 
dependence, ignoring what is the main mechanism of bottom scattering. Here, we have 
made two assumptions: a) M(B, ¢) slowly varies with angle; b) M(B, ¢) is reciprocal, i.e., 
A1 ( (), c/J) = M ( c/J, B). When the incident angle () and scattering angle ¢ are exchanged, they 
are equal. Widely used Lambert's scattering law ( n = 2 ) is a special case of Eq. 18. 
( 3.2 ) In Pekeris shallow water 
Fig. 12 
Average sound intensity expressions can be expressed by Eqs. 21-24 in Fig. 12. The 
results are same as that obtained by Weston. Eq. 23 expre~ses the famous three-half law 
region, first obtained by Russian scientist Brekhovskikh. For Eq.24, only the first normal 
mode left. We are most interested in regions expressed by Eq. 22 and Eq. 23. For these 
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regions, the reverberation intensity and echo-to-reverberation ratio can be expressed by 
Eqs. (25-28) (see Fig. 13.) 
Fig. 13 
Our results can explain Urick's report. At shot range, echo-to reverberation ratio 
deceases with increasing distance. In a very wide range, i.e., in the normal-mode stripping 
region (see Eq. 28), the range dependence of echo-to-reverberation ratio depends on the 
angular index of bottom scattering n. If bottom scattering index n is smaller than 2, 
echo-to-reverberation still decrease with increasing distance. But if the bottom scattering 
obeys Lambert's law (n = 2), Echo-to reverberation ratio remain constant, if n is grater 
than 2, echo-to-reverberation ratio would increase with increasing range. 
( 3.3 ) In wedged shallow water 
Fig. 14 
For a wedged homogeneous shallow water, the results are similar to that for a Pekeris 
model. In the most interested three-half law area, we have the average reverberation 
intensity and echo-to-reverberation ratio shown by Eq. 29 and Eq. 30. One of interesting 
results is that, the reverberation intensities obtained at two terminals with different depths 
would not be reciprocal. A sonar at shallower area is at the favorable position and will get 
the large echo-reverberation ratio, For example, if H 1 = 50m H2 = 200m, n = 2, i.e., 
for Lambert's scattering law, then the reverberation interference at shallower area would 
be 12 dB less. 
( 3.4) In a linear negative gradient layer 
8 
Fig. 15 
Fig. 15 ~hows the range/depth dependence of sound transmission in a linear negative 
gradient layer. Whole water column can be divided into 4 regions with different average 
sound intensity expressions by Eqs.. 32-35. (if sound velocity gradient a ----+ 0, all ex-
pressions reduce to ones for the pekeris model) At long-range, there is apparent depth 
dependence. We are most interested in Region D. For this region, 
Fig. 16 
the monostatic reverberation intensity can be expressed by Eq. 36 in Fig. 16, it strongly 
depends on the source depth z0 . The echo-to-reverberation ratio can be expressed by Eq. 
37. Where F(ii, i3) is a elliptic integral. M, N, reverberation and echo-to-reverberation 
ratio are strong function of source depth and target depth. Let us give a numerical example: 
Fig. 17 
Suppose water depth H = 50m, target depth z = 15m. If a sonar located at a depth of 40 
m is raised to 15m, then echo-to-reverberation ratio would increase about 12.1 dB ! (for 
the widely used Lambert's scattering bottom model.). 
( 3.5 ) In strong thermocline shallow water 
Fig. 18 
9 
Using a two-layer model to present a strong thermocline shallow water, we have derived 
analytical expressions of average transmission loss shown in Fig. 18. If both source and 
receiver are located bellow the thermocline, the transmission loss T Lbb( r) is similar to that 
·in a Pekeris model, changes from a spherical law to cylindrical, three-half law, at last only 
one mode left. But if a source is located above thermocline, and a receiver located below 
the thermoclines ( or vice versa ), the transmission loss TLab (= TL00 ) would be much 
larger than Tbb, and there is a r-3 dependence. 
Fig. 19 
Fig. 19 shows a set of experimental data (300 Hz and 1000 Hz) obtained from the 
Yellow Sea with a sharp strong thermocline. Tab or Too in the middle range is close to the 
r- 3 law. Then two-way transmission loss has r-6 dependence, the times the r+ 1 dependence 
of the scattering area. Thus, the monostatic reverberation obtained above the thermocline 
should have a r- 5 dependence. This prediction has been approved by the Yellow sea 
reverberation data obtained at same region for transmission loss measurements. (see Fig. 
19). 
Fig. 20 
For a strong thermoclines, the echo to reverberation ratio has very interesting range-
depth dependence. (1) If sonar is located above the thermocline, a target located below 
thermoclines, the echo to reverberation ration decreases with increasing distance; (2) if 
both are located above thermoclines, the ratio is getting better, may increases with dis-
tance; (3) if a sonar is located below thermoclines, and target located above thermoclines, 
the active sonar performance becomes worst. 
10 
The conclusion from this section (III) is very general, that is, echo to reverberation 
ratio for a active Sonar in shallow water will strongly depend on environmental parameters, 
such as sound velocity profile, bottom scattering angular index, sonar location and target 
location, and so on. It is show that a depth-variable sonar has advantage in shallow water. 
************************************************ 
Next we would like to discuss the inversion problem of reverberation. First, let us 
introduce some at-sea experimental data. 
IV. AT-SEA EXPERIMENTAL DATA ON REVERBERATION 
( 4.1 ) Reverberation intensities for three different sites 
The experiments were conducted in the Yellow Sea and the East China Sea off China 
coast, by using explosive source with 1000 grams TNT charges. In order to offer possible 
simple test cases for numerical reverberation modeling, only three sets of experimental 
data obtained from the Pekeris shallow water models are presented in this report. 
Fig. 21 
Fig. 21 shows three sound velocity profiles. We choose three different sea areas with 
fiat bottom and with very different sediments. From hard bottom, coarse sand to soft 
bottom, clay silt. In Fig. 21 ntd is mean grain diameter; k is porosity, and pis density. 
Fig. 22-28 
Figs. 22 shows average reverberation level obtained in Site I as a function of time for 
200, 250, 315 and 400 Hz. For a possible test by numerical codes, here :~~~- reverberation 
11 
level, RL is already calibrated to the source level, i.e., Source Level is 0 dB. Equivalent 
pulse duration is 10 ms. Figs. (23-25) are data for 500 Hz- 3150 Hz. Putting different 
frequency data together, we get Fig. 26. The bottom at this area is a coarse-medium 
.sand. The reverberation data obtained from Site II with find sand and silty sand bottom 
· are shown in Fig. 27. Average reverberation levels on Site II are litter lower than that 
obtained from Site I. The data obtained from Site III with a soft bottom are shown in 
Fig. 28. The average reverberation levels at Site III are lowest. For this area (with a soft 
bottom), we find that at lower frequency range, reverberation has a stronger frequency 
dependence. 
( 4.2 ) Vertical coherence of long-range reverberation 
For Site II (water depth~ 29m), we measured the vertical coherence of reverberation. 
Let us show some results: 
Fig. 29-31 
Fig. 29-31 show the measured vertical cross-correlation coefficient for 800 Hz, 1250 
Hz and 1600 Hz as a function of time (range) for different separations between two hy-
drophones. Solid lines are numerical results obtained from our model. We adjusted the 
bottom reflectivity to match theoretical prediction with data. 
Figs. 32-34 
Figs. 32-34 show the measured vertical cross-correlation coefficient at 800Hz, 1250Hz 
and l600 Hz, plot against wavenumber k multiplied by hydrophone separation d. These 
data were obtained at 4s, 6s, 8s and lOs after the detonation of the explosive. All the 
12 
results from 12 explosive reverberation signals are shown in these figures. The big dark 
circles are average value. Dashed lines are numerical results obtained from our model with 
an averaged extracted bottom reflection parameters (Q = 0.3,0.6 and 0.88). They are in 
good agreement. 
V. REVERBERATION-DERIVED BOTTOM SCATTERING STRENGTH 
AT SMALL-GRAZING ANGLES AND LOW-FREQUENCIES 
In last part, we would like to discuss a little bit about the inverse problem of shal-
low water reverberation, and show some preliminary results. Fig.35 shows the "Inverse 
Technique Flow Chart" of our method. 
Fig. 35 
Numerical results show that in the three-half region of Pekeris model, the vertical 
coherence of reverberation more strongly depends on bottom reflection parameter Q than 
bottom scattering index n. First, using a trial scattering index n and inputting it to 
the theoretical vertical correlation model, and comparing with measured reverberation 
correlation coefficient, one can get an initial bottom reflection parameter Q (and equivalent 
scattering angle) . Then input this Q to the reverberation intensity model, compare the 
prediction with the measured reverberation levels to get a modified value of n. Then 
input a new value of n back to reverberation correlation model. .... To continue iteration 
until numerical results match all measured reverberation levels and vertical correlation 
coefficients. In this way, we can get both bottom reflectivity and bottom scattering strength 
at small grazing angles and low frequencies from reverberation measurements. 
For the first phase of this research, we assume that the bottom scattering index n is 
independent of the angle. Preliminary results are given in Fig. 36 and Fig. 37. 
13 
Fig. 36, 37 
The bottom backscattering strength Sb ( 0) is plotted against grazing angle from about 
1.4° to 14.2° in Fig. 37. The reverberation to noise ratio is very important for extracting 
small angle scattering. For the reliability of these results, we only used those reverberation 
data that were about 8 dB higher than the environmental noise. For the comparison, the 
direct measurements for small angles in the deep sea by Merkliger are also shown in Fig. 
37. His data are for 400-800 Hz, BOQ-1600 Hz and 1600-3200 Hz. It is only data that we 
can find in the publications for such small grazing angles and low frequencies. 
In the past three decades, as we know, in JASA there are 3 papers on shallow-water 
reverberation-derived bottom scattering strength. Cole's data was derived from the 3.5 
kHz long Island reverberation measurements under downward refraction condition. His 
result is reliable, but the downward refraction restricted the menservants to a very narrow 
angle range at the bottom. Urick's data were obtained from the Gulf of ~1exico. But as he 
himself indicated the scattering angles are uncertain, data should be moved to some where. 
Another result obtained by Argentine scientists is wrong, because of wrong assumption on 
shallow water sound propagation loss. 
Our preliminary results show that bottom scattering strength at small grazing angles 
and low frequencies is a strong function of frequency. For frequencies that are higher than 
(or equal to) BOO Hz, the bottom scattering indexes n are in a range between 1.6 and 2.0 
(see Fig. 36), i.e., the bottom scattering is roughly close to the Lambert's scattering law. 
There is an interesting phenomenon that must be mentioned. At site II (a Pekeris 
model), measured reverberation intensities have weak frequency dependence (see Fig. 27). 
However, inverse results derived simultaneously from both average reverberation intensity 
and vertical coherence, show that both the bottom reflection loss and bottom scattering 
14 
strength are strongly frequency dependent. If the wide-used Hamilton goo-acoustic model 
is used, the bottom attenuation has a linear frequency dependence, then bottom reflection 
parameter Q would be a constant. If someone uses the Hamilton goo-acoustic model and 
matches his numerical results using measured reverberation intensity data only, it might 
result in incorrectly weak frequency dependence for bottom scattering strength. Therefore, 
in order to test a theoretical bottom scattering model based on reverberation measurements 
in a given area, at least two types of information are required: reverberation intensity 
(decay curves) and either bottom reflection loss or reverberation spatial coherence. 
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copter w~ll yield the best echo-reverberation ratio for 
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Echo, noise, and reverberation 
as functions of range. 
Urick (JASA 48, 1970): 
'A peculiarity sometimes observed with echo-ranging 
sonars in shallow water: an echo-to-reverberation ratio 
remains nearly constant, or even increases somewhat, 
with increasing range or time.' 
4 
Fig. 4 
II. Average Angular Power Spectrum Method : 
(2.1) Sound propagation Velocity potential: 
,T, ( . ) _ ( 27r) ~ -ii "" <l>z ( Zo)<l>z (z) ik,.1r 
~ r, z, zo - r e ~ (l/2) e 
krz Nz 
Sound field intensity: 
I 





'.i' r, z . zo - L; k N2 e 




27r L L q>l (zo) q,:n (zo) q,l ( z) q,:n ( z) i(k -k• )r +- e l m 
r kl/2 kl/2* N N* 
l=f:rn l m l m 
(4) 





'.i' r' z' zo - L; k N2 e 
r l l l 
5 Fig. 5 
W .K.B approximation solution: 
Mode energy depth distribution 
Mode-ray angle & eigenvalue 
k(z)cosBz(z) = kz 
21111 ~- k[dz + €~1 + £ 111 = 2ln 
~~ 
l = 0, 1, 2, ..... . 
Mode attenuation coefficient 
f3z = - lni Vb(O) I 
Sz + hz 
( V ( ()) - reflection coefficient at the boundary. ) 














Use WKB solution envelope to present l~(z)J 2 
Neglect the energy in the exponential decay area 
Use definite integral Eq. 11 





2 J 2e 5l(e) r 
I(r, z; zo) = re-ar S(0
1
(z)) x tanO(z) dO(zo) 
2e-ar J 
= Hr Iaps(O, r, z; zo)dO 
Average Angular Power Spectrum: 
2lniV(8)1 
2H e S(Bb) r 
Iaps(O, r, z; zo) = S(O) X tanO(z) 
(12) 
(13) 
Same as one obtained by Brekhovskikh, Smith or Weston. 
nv - water column absorption. 
zo, z- source (receiver) depth. 
6(z) - grazing angle of mode-rays at the source depth. 
() ( z) - grazing angle of mode-rays at the receiver depth. 
Mode-ray are fuzzy everywhere in the space 
8 
Fig. 8 








:transmission _ ___, 
net 
(14) 
e - e -if 
-or -err 
R(r, z; zo) = Hr lap~(O, r, H; zo) x AM((},¢) x Hr laps(¢, r, z; H)d9d¢ 
-2ar if 
= tn r )2 Raps(r, z, zo, 0, 4> )dOd¢ {15) 
Rap~(r, z, z0 , 0, ¢) -angular power spectrum of average reverberation. 
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Fig. 9 
(2.2) Sound field spatial correlation 
Time signal s ( t) 
l 
Sound pressure field P(r, z; zo) 
l 
(d ) 
J laps(O, r, z; zo)e-jkdsinBd() 
Pz , r, z; zo = J 
lp( 0, r, z; zo)dO 
(16) 
For the longitudinal correlation coefficient: sinO ~ cosO. 
10 
Fig. 10 
III. RANGE/DEPTH DEPENDENCE OF I and R 
( 3.1 ) Bottom model 
Bottom reflection coefficient: 
--lnj V(tJ)j- { QlJ 
- -ln I Vo ( ~ canstant, 
Oc - crtical angle. 
Bottom scattering model: 
for 0 < 9 < 9c 
for Be < 8 < ; 
(17) 
A phenomenological expression with an arbitrary angle de-
pendence (no matter what is the scattering mechanism) : 
where 
if x E [xi-1, xi]; 
otherwise. 
Special case ( n = 2, Lambert's law): 
M(O, ¢) = J.tsin(} x sin¢ 
(19) 
(20) 
Two assumptions: a) M(lJ, ¢) slowly varies with angle; b) 
M(lJ, ¢)is reciprocal, i.e., M(B, ¢) = M(¢, 8). 
11 
Fig. 11 
( 3.2) In Pekeris Model 
Sound field intensity: 
I(r) = 
where 
4 x r-2 
-lniVol for r1 > r 
28, x r-1 
H for r2 > r > r1 
(~)1/2 X -~ QH r 2 for r3 > r > r2 
27r -1 ( ~ ) kH2 x r exp - k H r for r > r3 
r- H 
1 - -lniVo!B, 
r - H 2- QBg 
k2H3 
r3 = Q1r3 
rl r2 r3 
Range log r , km 
12 





( 3.2) In Pekeris Model 
Average reverberation intensity: 
8(2+n) 
R( ) 
_ #-l'TrCT c -1 
r - 2nH2 X r (25) 
#-l7r(2-7r /2) CT 
R(r) = 4Q(l+n/2)H(l-n/2) X r-(2+n/2) for ra > r > r2 (26) 
Echo to reverberation ratio: 
Ec 2(2+n) 
- · (r)=K xr-1 
R J.L1rCT8~ 
for r2 > r > r1 (27) 
Ec(r)=K 4Qnf2 xr-(1-n/2) for ra>r>r2 (28) 
R J.L7r(l-n/2)cr Hn/2 
K - Target reflection coefficient. 
n = 2, ~ ~constant 
n > 2, ~ increases with increasing range. 
"A peculiarity sometimes observed with echo-ranging sonars 
in shallow water: an echo-to-reverberation ratio remains nearly 
constant, or even increases somewhat, with increasing range or 
time." (Urick, JASA 48, 1970). 
13 Fig. 13 
( 3.3) In wedged shallow water 
H(r) = Ho(l + ar) 
In three half law region 
Average reverberation intensity: 
R(r)- p,n(2-7r/2)cr x ___ H_o_-:---~ x r-(2+n/2) 
- 4Q(l+n/2) [(Ho + Hr)/2](1+n/2) (29) 
Echo to reverberation ratio: 
Ec 4Qn/2 [(Ho+Hr)/2]nl2 -(1-n/2) 
-(r)-K x xr (30) R - p7r(l-n/2)cr Ho 
Rn1 (r) = (H1)n 
Rn2 H2 
The reverberation intensities obtained at two terminals 
with different depths would not be reciprocal. 
Example: H1 = 50m, H2 =200m, n = 2 (Lambert's law), 
then the reverberation interference at shallower area would be 
12 dB less. 
14 
Fig. 14 
( 3.4) In linear negative gradient layer 
Sound intensity 
·c(z) = eo(l + az) 
4 -
IA(r, z; zo) ~ -lnlVol x r 2 
(31) 
(32) 
IB(r, z; zo) = ~[Be- J2ciZo + M(z, zo)] x r-1 
L = ~ ~e-aQr(1-2zo/H)(e-aQr + 1) 
c 2VQii 
x [<I>( [9i.oc) -<I>( J2a.'j;zo )] x r-3/2 




2.0 4.0 6.0 8.0 Range ( km ) 
I 
I I 
AI I c ------o. I --...... I --,.-
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e 0 ~ , ('oil 
...._... l 
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~ . \ 
\ a= 2 x 10-
4
, Q = 2, Zo =25m, Be= 0.2, -lnfVol = 1 
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Fig. 15 
( 3.4) In linear negative gradient layer 
( In field area D ) 
Average reverberation intensity: 
Echo- to-reverberation ratio: 
Ec 4K M 2 (z; zo) _1 
R (r, z; zo) = a(l+n/2)J-l7TCT x N(zo) x r (37) 
where 
M(z, zo) = 2[H- m:n(z, zo)] F ( G, ~) 
-(3= 
-F(O:, {3) - elliptic integral. 
lz- zol 
max(z, zo) 
H- max(z, zo) 
H- min(z, zo) 
16 
Fig. 16 
Example (in field area D): 
Range 
----...,.---------- -- -- ---------
C(z) t 
0 ~------------------------ - - - - -------------~ 
Suppose: H = 50m, target depth z = 15m. 
If sonar depth (zo) 40m ----+ 15m, 
Echo-to-reverberation ratio would increase 
12.1 dB for n = 2 (Lam.bert's scattering bottom) 
14.0 dB for n = 1 
15.8 dB for n = 0 
A depth-variable sonar has advantage in shallow water. 
17 
Fig. 17 
( ~.5) In strong thermocline shallow water 





















Range ( km) 
By Zhang a.nd Jing 
[J. Sound & Vib., 119 (1987)] 
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Fig. 19 
Echo to Reverberation Ratio 
( at the middle range in strong thermocline ) 
Sonar Target EcfR(r) 
a b ex r-1 
a a Better ("' r+1) 
b a Worst ("' r-3) 
b b --+ P. model 
------.....---···········-· -------------· ~· -----
/ / / / 
Conclusion 
Echo to reverberation ratio for a active sonar in shallow 
water V{ill strongly depend on environmental parameters, such 
as sound velocity profile, bottom reflection, bottom scattering 
angular index, sonar location and ~arget location, and so on. 
A depth-variable sonar has advantage. To some degree, active 
sonar average performance can be predicted. 
20 
Fig. 20 
( IV ) At-sea experimerttal data on reverberation 
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Fig. 25 
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Fig. 33 
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Bottom Scattering Strength 
Sb(B, f) 
Pv(r, d, f) 
Measured Data 
RL(r, f) Average Bottom Reverberation 
~1ea.sured Data Reverberation Scattering Vertical 
---........ ~~ Intensity ,___~---~ Model ----~~ Correlation 
Model R(r) ~-t(O, f), n(8, f) Model Pv(r, d, f) 
Trial Function..,._ ___ __. 
Bottom Reflection Factor Q(J) 
Scattering Angle Range 8(r, f) -
Inversion Technique Flow Chart 
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Fig. 35 
Bottom reflection and scattering parameters: 
f (Hz) Q n lOlogJ.l (dB) 
500 0.20 1.1 -41.7 
800 0.30 2.0 -30.5 
1000 0.39 1.9 -27.8 
1250 0.60 1.8 -24.6 
1600 0.88 1.7 -22.1 
2000 1.08 1.6 -20.9 
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Merklinger ( Sohm Abyssal PJain ): 
• • • 400- BOO Hz 
o o o BOO-1600Hz 
• • • 1600-3200 Hz 
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• 3500Hz 
Urick (The Golf of Mexico ): 
' ' ' 1600 - 3200 Hz 
MacKenzie 
------· 530. 1030Hz 
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Fig. 37 
